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ABSTRACT
As oil/gas subsea fields mature, the amount of water produced increases significantly due to the produc-
tion methods employed to enhance the recovery of oil. This is true especially in the case of oil reservoirs.
This increase in the water hold up increases the risk of hydrate plug formation in the pipelines, thereby
resulting in higher inhibition cost strategies. A major industry concern is to reduce the severe safety risks
associated with hydrate plug formation, and significantly extending subsea tieback distances by providing a
cost effective flow assurance management/safety tool for mature fields. Developing fundamental understand-
ing of the key mechanistic steps towards hydrate plug formation for different multiphase flow conditions is a
key challenge to the flow assurance community. Such understanding can ultimately provide new insight and
hydrate management guidelines to diminish the safety risks due to hydrate formation and accumulation in
deepwater flowlines and facilities. The transportability of hydrates in pipelines is a function of the operating
parameters, such as temperature, pressure, fluid mixture velocity, liquid loading, and fluid system char-
acteristics. Specifically, the hydrate formation rate and plugging onset characteristics can be significantly
different for water continuous, oil continuous, and partially dispersed systems. The latter is defined as a
system containing oil/gas/water, where the water is present both as a free phase and partially dispersed in
the oil phase (i.e., entrained water in the oil). Since hydrate formation from oil dispersed in water systems
and partially dispersed water systems is an area which is poorly understood, this thesis aims to address some
key questions in these systems.
Selected experiments have been performed at the University of Tulsa flowloop to study the hydrate
formation and plugging characteristics for the partially dispersed water/oil/gas systems as well as systems
where the oil is completely dispersed in water. These experiments indicate that the partially dispersed
systems tend to be problematic and are more severe cases with respect to flow assurance when compared
to systems where the water is completely dispersed in oil. We have found that the partially dispersed
systems are distinct, and are not an intermediate case between water dominated, and water-in-oil emulsified
systems. Instead the experiments indicate that the hydrate formation and plugging mechanism for these
systems are very complex. Hydrate growth is very rapid for such systems when compared to 100% water
cut systems. The plugging mechanism for these systems is a combination of various phenomena (wall
growth, agglomeration, bedding/settling, etc). Three different oils with different viscosities have been used
to investigate the transportability of hydrates with respect to oil properties. The experiments indicate that
the transportability of hydrates increases with increase in oil viscosity. The data from the tests performed
provide the basis for a mechanistic model for hydrate formation and plugging in partially dispersed systems.
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It is found that in systems that were in stratified flow regime before hydrate onset, the hydrates eventually
settled on the pipe walls thereby decreasing the flow area for the flow of fluids. In systems that were in the
slug flow regime before hydrate formation, moving beds of hydrates were the main cause for plugging. In
both the flow regimes, the systems studied entered a plugging regime beyond a certain hydrate concentration.
This is termed as φplugging onset and can be used as an indicator to calculate the amount of hydrates that
can be transported safely without requiring any additional treatment for a given set of flow characteristics.
A correlation to calculate this hydrate concentration based on easily accessible parameters is developed in
terms of flow characteristics and oil properties.
The work performed in this thesis has enhanced the understanding of the hydrate plug mechanism in
pipelines having high amounts of water. This work has also shown the effect of hydrate formation in different
flow regimes thereby shedding light on the effects of hydrates on multiphase flow and vice versa. Lessons
resulting from this work could be incorporated into flow assurance models, as well as operating company
production strategies to reduce or mitigate hydrate plugging risks in complex multiphase systems.
iv
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Natural gas hydrates are ice like crystalline solids that are made up of water and gas molecules. The gas
molecules, also referred to as the guest molecules, are enclathrated inside cages made up of hydrogen bonded
water molecules. Typically hydrates form at low temperatures and high pressures.
The most common examples of gas hydrate formers are typically low molecular weight hydrocarbons such
as methane, ethane, and carbon dioxide (Sloan Jr and Koh, 2007).
(a) Cage structure of hydrogen bonded wa-
ter molecules with enclatherated guest (methane)
molecule (redrawn from Center for Gas Hydrate Re-
search, Harriot-Watt University)
(b) Burning snow ball (Hester, 2007)
Figure 1.1: An illustration of gas hydrates.
The two most common gas hydrate crystal structures are: Structure I (sI) and Structure II (sII). Smaller
natural gas molecules such as methane tend to form Structure I and this structure is the most common
naturally occurring structure. Structure II hydrates are formed from gas molecules such as propane (Sloan Jr
and Koh, 2007) and is the most common structure in the petroleum industry.
1
Figure 1.2: Illustration of major hydrate structures sI and sII with respective building blocks (Sloan Jr and
Koh, 2007).
When Priestly first discovered hydrates in 1778, they were studied mainly out of scientific curiosity. In
1934, Hammerschmidt determined that hydrates were plugging natural gas transmission lines. This marked
the beginning of hydrate research in the oil and gas industry (Hammerschmidt, 1934). Even today, gas
hydrates continue to be the number one flow assurance problem in the oil and gas industry: an order of
magnitude worse than waxes and asphaltenes.
In addition to their importance in flow assurance, hydrates are also being studied as a potential future
energy source as natural gas hydrates have been found in oceanic sediments and permafrost regions. The
gas contained in these natural deposits is estimated to be in the range of 1014 to 1017 m3 which is at least
an order of magnitude larger than the worldwide conventional natural gas reserves (Klauda and Sandler,
2005). Since gas hydrates compress gas almost 167 times its STP volume, they are being studied in the
energy storage (Mao et al., 2002) and transportation sector (Mori, 2003). Other applications of gas hydrates
include desalination of saline water (Max and Pellenbarg, 2000) and gas separation (Duc et al., 2007). They
have also been used as a phase change material in the air-conditioning process (Darbouret et al., 2005) owing
to their high latent heat. Detailed discussions on the hydrate applications can be found elsewhere (Sloan Jr
and Koh, 2007).
1.1 Hydrates in Flow Assurance
The term flow assurance refers to the practice of ensuring that production fluids are successfully trans-
ported from the wellhead to the production facility (platform, FPSO, etc.). Flow assurance engineering is
a relatively new field in the petroleum industry and typically deals with the portion of pipe between the
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wellhead and the top of the riser. Major issues in flow assurance include plugging and deposition of the
pipelines from hydrates, waxes, and asphaltenes. Hydrates readily form in subsea flowlines transporting oil
and gas with produced water (Hill et al., 2010; Sloan et al., 2010) and can lead to large impermeable plugs.
In a study involving around fifty senior flow assurance experts from different industries concluded that the
hydrates are the single greatest problem for flow assurance (Sloan, 2005).
Figure 1.3 shows the typical pressure temperature trace of the fluids (oil, gas, and water) flowing in a
deepwater subsea pipeline from the wellhead to the platform. The operation curve is compared to hydrate
equilibrium curves at different methanol concentrations. The production fluids are generally hot and the
pressure is typically high at the wellhead. The pressure decreases due to frictional losses and the temperature
decreases due to transfer of heat to the relatively cooler seabed as the fluids flow through the pipeline. It is
evident from the figure that a significant portion of the pipeline is inside the hydrate formation region when
no methanol is injected. Once the fluids enter the hydrate formation region, hydrates readily form thereby
introducing a solid phase in the flowline. The hydrates formed can either form impermeable plug(s) due to
accumulation preventing flow or are transported along with the fluids. If hydrate plugging occurs, not only
are they costly and dangerous to remove, but also can damage the integrity of a production facility (Sloan
et al., 2010).
Figure 1.3: Example of an oil pipeline pressure and temperature profile (Sloan Jr and Koh, 2007) showing
the stable hydrate forming region. Points on the operation curve indicate distance from wellhead (in km).
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An example of a hydrate plug being removed from a pig catcher in a Petrobras pipeline, Campos Basin,
Brazil in 2001 (Photo courtesy of Petrobras➤) is shown in Figure 1.4. This serves as an illustration of the
potential risk associated with hydrate formation in pipelines.
Figure 1.4: Hydrate plug being removed from a pig catcher by Petrobras in Brazil (Sloan Jr and Koh, 2007).
1.2 Motivation
Absolute avoidance of hydrate formation using Thermodynamic Inhibition (THI) is the most conventional
strategy employed by the energy industry. THIs, such as methanol, control hydrate formation by shifting
the hydrate equilibrium curve towards lower temperatures and higher pressures as seen in Figure 1.3. THIs
have been used for over fifty years and the amount of THIs required to prevent hydrate formation can be
typically accurately calculated using well established models (Sloan Jr and Koh, 2007). However, for a THI
to be effective in deepwater flowlines, it has to be used in large quantities, e.g. as much as 40-60 vol.%
based on the volume of water produced (Koh, 2002). Hence at higher water cuts, the usage of THIs becomes
economically impractical and an environmental concern.
As the petroleum industry moves towards ultra deep water, the tie backs get longer and the produc-
tion fluids cool deep into the hydrate stability zone. Hence the risk of plugging increases. In addition,
the consequences of having a hydrate plug in deeper water are more severe as it is often not possible to
remove the hydrate plug by venting alone and other more novel methods may be required. Also, as oil and
gas resources are depleted, less economic fields are being developed. These increasingly adverse operating
conditions, combined with aging production fields and higher water cuts are making absolute avoidance via
thermodynamic inhibitors economically less feasible.
This has necessitated a change in strategy away from the traditional approach of avoiding hydrates
completely using inhibitors, towards a risk management approach where pipelines are deliberately operated
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under conditions where hydrates are thermodynamically stable. This has led to the development of Low
Dosage Hydrate Inhibitors (LDHIs). LDHIs differ from THIs in that LDHIs allow the formation of hydrates,
but minimize the risk of plug formation. LDHIs can be either Kinetic Hydrate Inhibitors (KHIs) that delay
hydrate nucleation/growth, or anti-agglomerants (AA) that prevent hydrate agglomeration thereby enabling
a transportable hydrate slurry to be formed (Kelland, 2006).
Currently there is an increasing interest in cold flow technology, where hydrates are allowed to form and
are suspended as a dispersed solid phase without having a hydrate blockage (Gudmundsson, 2002; Lund
and Larsen, 2000; Wolden et al., 2005). Although cold flow has not been proven in the field there has been
significant research effort to move the concept towards imminent field trials.
As oil/gas subsea fields mature, the amount of water produced increases significantly. This could lead
to the field transitioning from a fully dispersed system to a partially dispersed one or could have free water
layer. This increase in the water hold up increases the risk of hydrate plug formation in the pipelines thereby
resulting in higher cost inhibition strategies. KHIs are generally thought to be effective at a subcooling of
less than 20 ➦F (Sloan Jr and Koh, 2007). It has also been reported that the performance of KHIs can
be compromised when other production chemicals like corrosive inhibitors are used (Clark and Anderson,
2007; Clark et al., 2005). AAs are generally regarded ineffective beyond 50 volume% water cut (Gao,
2009). Therefore the current hydrate management strategies are either economically impractical or are not
applicable for high water cuts systems. To overcome the limitation on oil recovery imposed by high water
cuts, development of effective and economic hydrate management strategies has become a key focus of oil and
gas companies. A comprehensive hydrate model that can predict hydrate formation and transportability in
flowlines can be very useful in this regard. However the development of new hydrate management strategies
is limited by the understanding of the hydrate formation and plugging phenomena.
The hydrate formation and plugging phenomena is well understood in the oil dominated systems where
all the water is dispersed in the oil phase. This is illustrated in Figure 1.5. According to this model, hydrates
form at the interface of the water droplets that are dispersed in the continuous oil phase. These hydrate
coated water droplets can agglomerate into larger hydrate aggregates in the oil phase, increasing the slurry
viscosity (Colombel et al., 2009; Sinquin et al., 2004) and eventually can form a plug (Turner, 2005). Hydrate
particles can aggregate and/or deposit on pipe walls when the capillary cohesive forces are greater than the
shear eddies (Davies et al., 2009a; Sjöblom et al., 2010). A hydrate plug prediction model for such systems
(Colorado School of Mines Hydrates Kinetic model, CSMHyK) has been incorporated into the transient flow
simulator OLGA➤, which is being evaluated by the industry for offshore production systems design (Davies
et al., 2009a,b). The main assumption of the model is that all the water is dispersed in the oil phase. This
assumption is valid when there are natural surfactants present in the crude oil that stabilize the emulsion
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(Zerpa et al., 2010). However at higher water cuts, it is not possible to emulsify all the water in the oil
phase. This could lead to the systems transitioning permanently from a fully dispersed system where all the
water is dispersed in the continuous oil phase to a partially dispersed system containing a free water phase,
and/or a system where the oil is dispersed in water.
Figure 1.5: Schematic of a hydrate formation and plugging mechanism in oil dominated systems (Davies,
2009).
Some studies for high water cut systems were performed by Joshi et al., (Joshi et al., 2011a) and a
conceptual model was proposed for the first time for water dominated systems based on studies from 100%
water cut systems. This is shown in Figure 1.6. It is hypothesized that the hydrates nucleate at the gas-
water-wall interface followed by growth in bulk water. Up to a certain concentration (Φtransition), hydrates
are homogeneously dispersed in water. Once Φtransition is reached, a transition from a homogeneous to a
heterogeneous distribution of hydrate particles in water occurs (both axially and radially) which could lead
to the formation of a bed or a deposit (Joshi et al., 2013a; Zerpa et al., 2012). However in this study no oil
was present.
Figure 1.6: Schematic of a hydrate formation and plugging mechanism in 100% water cut systems (Joshi,
2012).
The partially dispersed systems (where some water is dispersed in the oil phase and some water exists
as a free water phase) lie in between these two end members as shown in Figure 1.7. Though partially
dispersed systems are the most realistic systems encountered in flow lines, they yet remain unexplored.
Hydrate formation and plugging mechanism in such systems is not known. The objective of my thesis
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is to understand the hydrate formation and plugging mechanism in such systems so that better hydrate
management strategies and cold flow technology can be developed further.
Figure 1.7: Schematic of a hydrate formation and plugging mechanism in partially dispersed systems.
1.3 Objectives and Scope of Work
The principle objective of this thesis is to understand the hydrate formation and plugging phenomena
in partially dispersed and water continuous systems in horizontal pipelines. Experimental work has been
conducted in the Department of Chemical and Biological Engineering at Colorado School of Mines and
the Hydrate flow loop facility at University of Tulsa (TU). A number of experiments were conducted and
analyzed. The new understanding obtained from the experiments was used to develop a predictive plugging
onset model. Given the uncertainty involved in using a crude oil as an oil phase, mineral oils were chosen for
the tests. The hydrate formation experiments were conducted both in bench top and industrial flow loop.
The flow loop simulated near field condition. Based on the experimental observations, a conceptual model
was developed for the hydrate formation and plugging phenomena. A predictive plugging onset model was
developed to calculate the amount of hydrates that can be safely transported without plugging the pipelines.
An attempt was made to develop flow characteristic curves in the presence of hydrates. The effect of hydrates
on the friction factor is illustrated.
1.4 Structure of this Thesis
This chapter aims to provide the reader with an overview of the work performed and to highlight some
of the most important findings from this thesis.
Chapter 2 provides a background on the previous research conducted on hydrate plug formation in differ-
ent systems like the oil dominated and 100% water cut systems. Different flow regimes that are encountered
in three phase flow is discussed.
Chapter 3 focuses on the scoping experiments that were performed to select appropriate fluids and design
the flow loop experiments. The chapter also provides details on the bench top high pressure autoclave
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experiments and results obtained.
Chapter 4 focuses on the description of the experimental flowloop facilities and instrumentation used.
Experimental methods including typical measurements and calculation procedures are described in detail.
Chapter 5, 6 and 7 presents the results of the flowloop experiments using three different oils namely
Mineral Oil 350T, Mineral Oil 70FG and kerosene. The hydrate formation experiments are described and
the effect the hydrates have on the pump pressure drop is illustrated. The effect of variables such as mixture
velocity, liquid loading, system pressure, salinity and water cut are also described. It is found that the
partially dispersed system are more problematic with respect to flow assurance when compare d to water
continuous, oil continuous and 100% water cut systems.
In Chapter 8, a comparison of different oil systems with respect to hydrate growth and transportability
is discussed. It is found that the viscosity of the oil plays a major role in transportability of the hydrates.
Chapter 9 describes the conceptual hydrate formation and plugging phenomena. A plugging onset model
is developed based on the experimental findings.
Chapter 10 describes the attempts that were made and the flow characteristic curves that were developed
for hydrate/oil/water/gas systems.
Conclusions and recommendations for future work are summarized in Chapter 11.
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CHAPTER 2
BACKGROUND ON HYDRATE FORMATION AND PLUGGING
This chapter summarizes the various phenomena involved in the hydrate plug formation process in a
pipeline. The different gas-liquid flow patterns encountered in pipelines are discussed. The various hydrate
formation and plugging models available for different systems are discussed. Also some studies focusing the
slurry of hydrates are discussed.
2.1 Flow Regimes in Oil and Gas Pipelines
Usually, hydrocarbon production involves multiphase flow. A hydrocarbon liquid phase (oil), hydrocarbon
gas phase (gas) and produced water (water) are present in most of the pipelines transporting production
fluids from the reservoir to the platform. From the perspective of hydrate formation in these pipelines, the
multiphase flow regime is very important. The flow regime encountered in pipelines are highly dependent on
the quantity of each phase being produced in the reservoir. Petroleum reservoirs are generally classified into
five fluid categories namely dry gas, wet gas, gas condensate, volatile oil and black oil (McCain, 1990). The
first three are gas reservoir fluid types. Since the temperature of the reservoir fluid is higher than the critical
temperature, they are in a gaseous state at reservoir conditions. Dry and wet gas fluids are mostly made
up of light and intermediate hydrocarbons. No liquids will condense in these kind of reservoirs (Whitson
et al., 2000). Gas condensates in contrast contain significant amounts of C5+components. Hence significant
amounts of liquids condense in the reservoir as the reservoir pressure decreases. Reservoir oils are classified
either as black oil or volatile oil. The shape of their phase diagram dictates the behavior of these fluids during
production. The phase diagram of a typical volatile crude is shown in Figure 2.1. The region enclosed by
the bubble point and dew point curves (line BCA) is called as the phase envelop of the hydrocarbon system.
In the phase envelop, the gas and liquid coexist at equilibrium. The dashed lines inside the phase envelop
are called quality lines and they represent the constant liquid volume, measured as the percent of the total
volume. The vertical line (1EF) shows the reservoir pressure and temperature conditions over the production
lifespan. If the reservoir condition is along line EF, a mixture of oil and gas will be produced. As the fluids
flow through the pipelines, the pressure of the fluids decrease leading to additional evolution of gas when in
the two-phase envelope. Therefore, depending on the type of the petroleum reservoir, the quantity of liquid
and gas phase in the pipelines transporting them changes with pipeline length and time.
Another phase commonly found in production pipelines is the produced water. The produced water
could either be connate, water condensed out of the gas phase in production pipelines or the water injected
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Figure 2.1: Phase diagram of a typical black oil with the typical reservoir and separator pressure and
temperature conditions(Ahmed et al., 2006).
to enhance oil recovery (Manning and Thompson, 1995). Water cut is defined as the ratio of volumetric






where, WC is water cut, Qw is volumetric flow rate of water and Qo is volumetric flow rate of oil.
The water cut typically increases in all oilfields as they mature after many years of production and
especially after the application of water injection techniques to sustain production capacity as shown in
Figure 2.2. In the United States, plenty of oilfields have a water cut of around 90% (Maugeri, 2007).
Therefore the mixture transported in the production pipeline may be made up of different fluids such as
liquids, gases and solids (due to formation of hydrates, precipitation of waxes etc)(Falcimaigne and Decarre,
2008). The principal element of multiphase flow is its flow regime i.e the physical distribution of phases
within the pipeline and the pressure gradient along the horizontal pipe. The existence of a particular flow
regime depends on many parameters like the fluid properties, pipeline size, geometry and flow rates. The rate
of exchange of mass, momentum and energy between the phases as well as between any multiphase mixture
and the external boundaries depends on the internal flow geometries and interfacial area. For example,
the relationships for mass transfer and pressure drop are probably different for a stratified flow consisting
of different fluid phases moving as separate layers than for a dispersed flow consisting of gas bubbles in a
liquid. Therefore it is essential to know the kind of flow regime present in order to better design/operate
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Figure 2.2: Water cut (vol.% water in the oil/water mixture) profile for an oil field over 10 years of production
(Gluyas and Hichens, 2003).
pipelines. The brief description of gas-liquid, liquid-liquid and gas-liquid-liquid flow regimes is presented in
the following sections in order to better appreciate the complex phenomena involving multiphase flows.
2.1.1 Gas-liquid Flow Regime
Various authors have studied gas-liquid flow in pipes with main focus on the prediction of two phase
pressure drop (Badie et al., 2000; Di Lullo et al., 2002; Huh and Kim, 2006; Whalley, 1996) etc. However in
order to be able to understand the two phase pressure drop it is imperative to understand the gas-liquid flow
regimes as the pressure drop is highly dependent on the flow pattern. Perhaps the most early definition of
flow patterns were provided by Alves (Alves, 1954) and Baker (Baker et al., 1953). In this, several different
flow patterns were observed experimentally namely:
❼ Stratified Flow: Flow in which the liquid moves along the bottom of the pipeline and the gas flows on
top of the liquid over a smooth liquid-gas interface. This flow regime occurs at low flow rates of gas
and liquid, where separation of the phases due to gravity is complete.
❼ Wavy Flow: Flow is similar to stratified flow except that the gas is moving at a higher velocity leading
to disturbances in the interface. These disturbances are in the form of waves traveling in the direction
of flow.
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❼ Slug Flow: Flow in which the gas phase is contained as large bubbles that are separated by liquid
slugs. This is one of the most common flow regimes encountered in the oil and gas pipelines. Slug flow
is similar to plug flow, but the bubbles move faster and are bigger in comparison.
❼ Annular Flow: Flow in which the liquid is present in the form of a film around the inside wall of the
pipe and the gas flows as a central core at a much higher velocity.
❼ Bubble Flow: Gas bubbles are dispersed in the liquid continuum. At low flowrates, the gas bubbles
are present near the top of the pipe while at higher flowrates they are uniformly dispersed.
❼ Plug Flow: Flow in which alternate plugs of liquid and gas move along the upper part of the pipe.
All these different flow patterns are represented in Figure 2.3.
Figure 2.3: Illustration of the main gas-liquid flow regimes observed in a horizontal pipe.
Usually the flow patterns are recognized by visual inspection. The results of these observations is pre-
sented in the form of a graph whose axes usually represent the flow rates of the two phases. When all the
observations have been made, lines are drawn on the plot to demarcate the boundaries between the various
regimes of flow resulting in what is known as a “flow regime map”.
Various authors have developed such flow regime maps which help identify the two phase flow regime as
a function of the gas-liquid flowrates, their physical properties and the geometry of the pipe (Barnea et al.,
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1980; Beggs et al., 1973; Coleman and Garimella, 1999; Kawahara et al., 2002; Spedding and Nguyen, 1980;
Taitel and Dukler, 1976). Perhaps the most widely used of the many available flow pattern maps is that
for horizontal gas/liquid flow constructed by Taitel & Dukler (Taitel and Dukler, 1976). This is shown in
Figure 2.4
Figure 2.4: Generalized flow regime map for horizontal two phase flow (Taitel and Dukler, 1976).
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2.1.2 Liquid-Liquid Flow
The flow structure of liquid-liquid mixture is quite different when compared to that of gas-liquid mixtures
mainly due to small buoyancy effects and the large liquid liquid momentum transfer capacity (Trallero et al.,
1997). Mainly liquid-liquid flow has been studied by various authors in order to be able to better understand
emulsion characteristics and predict inversion point in oil-water pipelines (Angeli and Hewitt, 1999; Brauner,
2003a; Nädler and Mewes, 1997; Ngan et al., 2009; Rodriguez and Oliemans, 2006; Shi, 2001; Xu, 2007).
Though there are many studies on the flow pattern, there is no general agreement among the different
flow patterns observed. Some authors report almost 14 flow patterns (Oglesby, 1979) whereas some report
only three to four (Laflin and Oglesby, 1976; Russell et al., 1959).
Trallero et al., (Trallero et al., 1997) reported six different flow regimes based on studies by Nadler and
Mewes (Nädler and Mewes, 1997) and Guzhov (Guzhov et al., 1973). These are described in Figure 2.5.
They classified the flow patterns into two main categories:
❼ Segregated flow: Here, the denser liquid moves at the bottom of the pipe with the lesser density fluid
flowing on top of it. This flow can be further classified into the following two sub categories namely,
– Stratified smooth (ST) (occurs when the superficial velocities of the water and oil phases are low)
– Stratified with mixing at the interface (ST &MI) (occurs at slightly higher flowrates than stratified
smooth).
❼ Dispersed flow: This is either water dominated or oil dominated.
– Water continuous flows consist of dispersion of oil in water over a water layer (DO/W & W) and
the oil in water emulsion (O/W).
– Water in oil emulsion (W/O) and the dual dispersion of water droplets in oil and oil droplets in
water (DW/O & DO/W) were classified as oil dominated flows.
Brauner (2002; 2003b) further classified the flow patterns to include core annular flows that are extremely
important to transport heavy oils. These are shown in Figure 2.6.
Similar to gas liquid flow, flow regime maps as a function of operating conditions, fluid properties etc
were generated by various authors based on experimental data (Angeli and Hewitt, 1999; Arirachakaran
et al., 1989; Charles et al., 1961; Nädler and Mewes, 1997; Trallero, 1995) . However the flow pattern tends
to be quite specific for the liquids used and the geometrical configurations of the pipelines in which they are
studied. An example of such a flow regime map based on water fraction and mixture velocity is presented
in Figure 2.7.
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Figure 2.5: Horizontal oil/water flow pattern sketches (Trallero et al., 1997).
Figure 2.6: Various possible flow patterns in horizontal pipes(Brauner, 2002, 2003b).
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Figure 2.7: Flow regime map based on water fraction and mixture velocity(Nädler and Mewes, 1997).
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It can be appreciated from from Figure 2.3 and Figure 2.6 that as the number of different types of phases
increase, the number of flow patterns that could be expected also increase; as a result, the flow regime maps
get more complicated.
2.1.3 Gas-Liquid-Liquid Flow
The three phase gas-liquid-liquid flow is of most importance in the oil and gas industry as it mainly occurs
during the production of oil. Though various flow regimes have been proposed by various authors (Kwon
et al., 2001; Lahey Jr et al., 1992; Lee et al., 1993; Oddie et al., 2003; Piela et al., 2009; Piela, 2008; Spedding
et al., 2005; Taitel et al., 1995; Wang et al., 2011), the most elaborate flow pattern definition is provided by
Spedding (Spedding et al., 2005). The flow regimes are mainly classified as oil dominated flow regimes and
water dominated flow regimes are. These are based on the combination of the gas-liquid (stratified, slug,
annular) and liquid-liquid flow regimes (dispersed, separated). These are shown in Figure 2.8 and Figure 2.9.
Table 2.1 identifies the different flow regimes listed in Figure 2.8 and Figure 2.9. It can be seen from the
table that the three phase flow is much more complex in comparison with the gas liquid and liquid-liquid
flows.





2 Plug dispersed 14 Slug dispersed
3 Slug separated 15 Blow through slug
4 Slug dispersed 16 Smooth stratified
separated








19 Stratified roll wave
droplet




9 Stratified roll wave
dispersed droplet
21 Annular froth
10 Annular separated 22 Annular dispersed
11 Annular dispersed
Inversion 12 Broken film
2.1.4 Solid-Liquid Flow Regime
Solid liquid flows are encountered in various industries including refrigeration industry, paper industry
and the oil industry where sand is produced with oil and gas etc. The main area of focus for these studies is
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Figure 2.8: Oil dominated flow regimes from (Spedding et al., 2005).
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Figure 2.9: Water dominated flow regimes from (Spedding et al., 2005).
19
with respect to modeling pressure drop (Abulnaga, 2002). The presence of the solid phase complicates the
flow as the solid phase could be denser (like sand in sand-oil slurry) or lighter (like ice in ice-water slurry).
Brennen (Brennen, 2005) identified four flow regimes for slurry flows as presented in Figure 2.10.
Figure 2.10: Flow regimes for slurry flow in a horizontal pipeline (Brennen, 2005).
In a situation where the volume fraction of solids is low and the particles present are so small that their
settling velocity is smaller than the turbulent mixing velocity, the flow will be well mixed and is termed as
homogeneous flow and usually occurs when the particles sizes are of the order of tens of microns or less.
When larger particles are present, a heterogeneous flow regime is present due to the vertical concentration
and size gradient. When the particles form a packed bed in the bottom of the pipe, the flow is known as
saltation flow. The saltation flow can be further classified into moving bed where the bed moves en masse
or static bed where material in suspension above the bed is carried along by the suspending fluid.
2.2 Hydrate Formation and Plugging
Over the past decade, hydrate research in flow assurance has been focusing on better hydrate risk man-
agement strategies and technologies allowing transportable hydrates to form in pipelines rather than total
prevention of hydrates (Creek et al., 2011; Sloan, 2005). Allowing transportable hydrates to form is some-
times referred to as a “stabilized flow” technology. A comprehensive hydrate model that can predict hydrate
formation and transportability in flowlines can be very useful in stabilized flow technology and in general
for flow assurance applications. Such a model should be able to take into account the hydrate formation
mechanisms in various scenarios of oil and gas production, i.e., oil dominated systems in which oil is the
continuous phase; water dominated systems which can be a result of field maturation, and the gas dominated
system (containing mostly gas, condensate and some water). Different modeling approaches are envisioned
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for different systems encountered in oil/gas flowlines (Sloan et al., 2010). Over the past decade, the Center
for Hydrate Research at the Colorado School of Mines (CSM) has been developing such models for hydrate
formation and plugging. A hydrate plug prediction model for oil-dominated systems (Colorado School of
Mines Hydrates Kinetic model, CSMHyK) has been incorporated into the transient flow simulator OLGA➤,
which is being evaluated by the industry for offshore production systems design (Davies et al., 2009a; Davies,
2009; Davies et al., 2009b). Apart from the models developed by the Center for Hydrate Research, Calsep’s
Flowasta (Calsep), is formulated to predict hydrate formation in steady-state flow. A brief description of
the hydrate formation and plugging models are described in the following sections.
2.2.1 Oil Dominated Systems
Hydrate formation in oil dominated systems is relatively well understood. CSMHyK was originally
developed for oil dominated systems and is based on the conceptual model, shown in Figure 2.11 that
represents an approximation to the hydrate plug formation mechanism.
Figure 2.11: Conceptual model for hydrate formation in an oil dominated system with water completely
emulsified in the oil phase (Davies, 2009; Turner, 2005).
According to this model, hydrates form at the interface of the water droplets that are dispersed in the
continuous oil phase. These hydrate coated water droplets can agglomerate into larger hydrate aggregates
in the oil phase, increasing the slurry viscosity and eventually can form a plug (Turner, 2005). Hydrate
particles can aggregate and/or deposit on pipe walls when the capillary cohesive forces are greater than the
shear eddies (Davies, 2009; Sjöblom et al., 2010).
The CSMHyK–OLGA➤ model has been extensively tested over the past few years with a large number
of flow loop tests (using three different flow loop geometries) and laboratory-scale experiments (Sloan et al.,
2010). The oil dominated model has been fit to hydrate formation data for one oil in an ExxonMobil flowloop,
and the fit has subsequently been shown to acceptably predict hydrate formation of four other oils in the
Tulsa University flowloop (Boxall et al., 2009).
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2.2.2 Gas Dominated Systems
Gas dominated systems are systems which have predominantly a gas phase, with small amounts of water
and liquid hydrocarbon. The conceptual model for such a system is presented in Figure 2.12. According
to this model, hydrates form on the pipe wall at the gas-water interface and grow to cover the perimeter
of the pipe. These annular deposits continue to grow inwards (Dorstewitz and Mewes, 1994; Hatton and
Kruka, 2002; Lingelem et al., 1994). As the area for flow (annular spacing) decreases, the flow velocity
increases leading to an increase in shear forces. This increase in shear forces can promote sloughing of the
deposited hydrates from pipe walls (Hatton and Kruka, 2002). These released hydrate particles can then
cause jamming and eventually can plug the pipeline.
Figure 2.12: Conceptual model for hydrate formation in a gas dominated system (adapted from (Lingelem
et al., 1994)).
A model based on heat and mass balances that is analogous to wax deposition (Singh et al., 2000) was
developed at CSM (Nicholas, 2008; Rao et al., 2011). Since flowloop/field data available for gas dominated
systems is severely limited, this model requires much further validation, and is another area of potential future
interest for the flow assurance community. This model has been suggested to be applicable for hydrate film
growth in liquid condensate systems (Nicholas, 2008). The model for liquid condensate systems was validated
using data from flowloop experiments involving 100% liquid loading with 90 vol.% gas condensate and 10
vol.% water (Nicholas, 2008; Nicholas et al., 2009).
2.3 Water Dominated Systems
For water dominated systems, such as water continuous systems and high water cuts encountered towards
the end of the field life, little is known about the mechanism of hydrate growth and plug formation. Very few
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authors have explored water cuts approaching 60 vol% or more (Greaves, 2008; Joshi et al., 2013b; Lachance,
2008; Palermo et al., 2004; Sinquin et al., 2004; Turner, 2005). Interactions of hydrates and emulsions were
studied initially using freons in order to investigate if the presence of hydrates would alter the emulsion
properties. It was reported that if the hydrate particles were oil wet, they would cover the surface of water
droplets and prevent coalescence delaying the emulsion inversion from water in oil type to oil in water type
at the inversion point, whereas water wet hydrate particles would do the exact opposite. Based on the
wettability and emulsion inversion it was concluded that the oil wetted hydrates were non plugging. These
results gave a good correlation between the plugging behavior and wettability. The oils that formed oil wet
hydrates were found to be least plugging under realistic conditions (Høiland et al., 2005).
Methane hydrate formation from water-Conroe crude oil emulsions were studied by Greaves et al.,
(Greaves et al., 2008). The emulsions were characterized using in situ conductivity measurements and
by visual observations using a particle video microscope (PVM). Without hydrates being present it was
found that up to 68 vol% water cut, the system was oil continuous (water in oil, W/O emulsions), and from
71 vol% water cut the system was water continuous (oil in water, O/W emulsions). Therefore emulsion
inversion occurred between 68-71 vol%. It was shown that for an oil continuous system (at high water
cuts of 60-68 vol%), the hydrates formed agglomerates rapidly (Greaves et al., 2008). Dissociation of these
hydrates could lead to a free water phase. Re-emulsification significantly altered the emulsion, either to an
oil-in-water emulsion or a multiple emulsion (o/W/O or w/O/W).However for water continuous systems, no
inversion was observed during the hydrate event. This is possibly because, during hydrate formation, the
hydrate can trap the oil inside the hydrate shells making the coalescence impossible and during dissociation,
the remaining hydrates decrease the formulation thereby increasing the tendency for water to emulsify oil
(Greaves et al., 2008). Studies were performed by Talatori et al., (Talatori and Barth, 2011) to correlate
the wettability of hydrates and the state of emulsion for different crude oils at different water cuts with
the hydrate growth rate. Hydrate formation experiments were carried out using 4 different oils for two
different water cuts (50 and 80%) in a high pressure constant volume apparatus. The reduction in pressure
is correlated with the hydrate growth. One of the results for pressure drop is shown for an 80 vol.% water
cut experiment in Figure 2.13. The S3b is a sweet non biodegraded oil with a density of 0.833 g/cc and a
viscosity of 16 mPas.
In Figure 2.13, two different pressure drops(steps I and II) are observed. These were explained by
proposing two different hydrate growth rates. The initial growth rate was slow followed by a faster growth
rate. The inflection point was attributed to an emulsion inversion point, as suggested in previous studies of
the same oil (Høiland et al., 2005). It was shown that the amount of hydrate formed (α) at time t is given
by Equation 2.2.
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Figure 2.13: Change in pressure profile of hydrates formed at 80 vol.% water cut for “S3b” oil from (Talatori
and Barth, 2011).







where, q is the kinetic exponent and θ is the time constant.
The kinetic exponent and the time component were obtained by plotting a graph of−ln [−ln(1− α(t))]
vs t
Since the kinetic exponent and the time constant obtained in this manner were different for the two
stages, it was suggested that there is a change in nucleation/or growth mechanism for each of these steps
(Talatori and Barth, 2011).
The effect of salinity on hydrate inhibition in the presence of anti-agglomerants (AA) was studied for a
natural gas-40 ➦API crude oil system (Gao, 2009). It was shown that salinity plays a very important role in
hydrate management at higher water cuts and a small amount of salt addition could enhance the performance
of an AA. It was concluded that system specific parameters should be evaluated when evaluating hydrate
management strategies.
Some studies for high water cut systems were performed by Joshi et al., (Joshi et al., 2011a) and a
conceptual model (Colorado School of Mines Hydrates Kinetic free water model , CSMHyK-fw) was proposed
for the first time for 100% water cut systems. A conceptual picture for the CSMHyK-fw model is shown in
Figure 2.14.
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Figure 2.14: Conceptual model for hydrate formation in water dominated system (Joshi, 2012).
It was proposed that the hydrates form at the interface of the gas and water layers and these hydrates
move into the water layer where they further grow/agglomerate by consuming the gas entrained/dissolved
in water. As the hydrates formed at the interface move away to bulk water a fresh surface area is created
which will aid in the further growth of hydrates. Based on the experimental observations, a hydrate growth








is the rate of gas consumption which implies the rate of hydrate formation in the system, kL is
the mass transfer coefficient, Agas−liquid is the area between gas and water available for mass transfer, Csol
is the concentration of guest molecule in the solution and Csol−hyd is the concentration of guest molecule in
equilibrium with hydrates.
Hydrate plug formation in 100% water cut systems differs from the plug formation in oil dominated
systems. The hydrate-hydrate cohesion forces in water were studied using a micromechanical force apparatus
and it was found that the hydrate cohesion forces were relatively low and hence hydrate particles had a low
agglomeration tendency (Joshi et al., 2011b). However in the oil dominated systems, particle agglomeration
was found to play a major role of the plugging mechanism (Joshi et al., 2011b). A conceptual picture
for hydrate plug formation from 100% water cut systems (water + gas) was developed based on flowloop
experiments performed at the ExxonMobil flow loop facility (Joshi et al., 2011a). The experiments showed
that pressure drop in the flow loop depended on a complex flow regime involving multiple phases and solid
dispersion in the liquid (Joshi et al., 2011a). Three different regions were identified based on the pressure
drop across the flowloop. The pressure drop across the pump as a function of the hydrate volume fraction
is shown in Figure 2.15.
Up to a certain concentration (Φtransition), hydrates were homogeneously dispersed in water and hence
did not affect the pressure drop. This was identified as Region I in Figure 2.15. Once Φtransition was reached,
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Figure 2.15: Proposed mechanism for hydrate distribution and its effect on flow pressure drop (Joshi, 2012).
a transition from a homogeneous to a heterogeneous distribution of hydrate particles in water occurred (both
axially and radially). This lead to a sharp rise in pressure drop along with increased particle interactions.
This was identified as region II. Region III is identified by large fluctuations in pressure drop which possibly
could be due to a deposit/bed in the pipeline (Joshi, 2012; Zerpa et al., 2012).
2.4 Hydrate Slurry Flow
One of the earliest work on rheological behavior of hydrates was performed by Camargo and Palermo
(Camargo and Palermo, 2002) and Nuland and Tande (Nuland et al., 2005). Both studies identified yield
stress and shear thinning behavior of hydrate slurries.Camargo and Palermo developed a model to calculate
the viscosity of concentrated aggregated suspensions based on the effective volume concentration and the
hydrate aggregate diameter. Recently, Webb et al., (Webb et al., 2014) showed that the hydrate slurry
viscosity and yield stress increased with increasing water volume fraction. It was also shown that slower
hydrate formation led to larger and more porous aggregates.
However all these experiments were carried out in traditional bench scale apparatuses where the shear
rates correspond to laminar flow conditions. In commercial pipeline operations, however, the flow conditions
are predominantly turbulent. Therefore some researchers have studied the flow behavior of hydrate slurries
in flow loops and pipelines. One of the earliest of such work was pioneered by Andersson and Gumundsson
(Andersson et al., 1999; Andersson and Gudmundsson, 2000) where it was shown that the apparent vis-
cosities of the hydrate-in-water and oil based slurries increased with the increase in hydrate concentration.
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Hadsbjerg et al.(Hadsbjerg et al., 2011) investigated the transportability and plugging of hydrate systems
in an industrial scale flow loop facility and showed that anywhere between 10 and 35% hydrates could be
transported in the liquid phase. It was shown that the blocking threshold depended on the nature of the
liquid phase as well as the operating conditions. Similar flowloop experiments were performed by Chen et
al., (Chen et al., 2015) and it was shown that gelation, agglomeration, deposition, and bedding of hydrates
were observed as hydrates continuously formed in natural gas-water-diesel oil systems even at low water cuts
(10 to 20% WC). It was shown that flowable hydrate slurries were formed when the hydrate volume fraction
was less than 5% for the system studied. Dellecase et al., (Dellecase et al., 2008) studied hydrate plugging
and slurry transport for gas-water-crude oil systems and showed that the oil-water dispersion properties,
the location and state of the water, and flow patterns were the key parameters that determined if a hydrate
plug formed or not. It was reported that fluids having a tendency to readily separate with water showed a
greater tendency to plug even at lower water cuts. It was also shown that the properties and the chemistry
of oil-water mixtures also influenced the plugging behavior. A mechanistic model considering both, the pos-
sible settling of solids and viscosification of the liquid phase due to the presence of solids was developed by
Hernandez (Hernandez, 2006) to predict the hydraulic behavior of hydrate slurries in horizontal pipelines.
2.5 Summary
This chapter provides an overview of the hydrate formation and plugging phenomena in pipelines. Details
about the various flow regimes that could be present in oil pipelines was outlined. The importance of
understanding the flow regimes in pipelines in order to study the plugging behavior was outlined. The
different hydrate formation and plugging behavior for oil dominated, gas dominated and 100% water cut
systems were presented. Important outcomes of the studies involving hydrate slurry transport were outlined.
It can be seen from the literature review that,
❼ Limited/no studies studies have been performed with systems containing free water
❼ Hydrate formation or plugging phenomena is not understood for systems containing free water
❼ Though significant work is devoted to the study of oil properties that may facilitate slurry transporta-
tion, limited research is being conducted on how hydrates may impact multiphase flow and slurry
transportability and vice versa.
❼ Clear understanding of the effect of multiphase flow and hydrates is essential for furthering cold flow
technology.
The objective of the current study is to provide an understanding of hydrate plug formation in high water
cut systems with focus on partially dispersed systems where water is present as a free phase. In the following
27
chapters, details on the different experiments to study hydrate formation and plugging are reported. The
effect of operating variables such as water cut, mixture velocity, liquid loading etc on the hydrate formation
and plugging will be presented. The effect of oil properties on the transportability of hydrates will be
shown. Based on the experimental data and the current knowledge of hydrate plug formation, a conceptual
understanding of the hydrate plugging mechanism for partially dispersed systems will be presented. A
correlation in order to predict the minimum amount of hydrates that could be transported under given flow
conditions in terms of easily measurable quantities is also reported. The effect of hydrates on multiphase




Initial beaker tests were carried out to identify and select the oils that were suitable for the study of
partially dispersed and water continuous systems. Preliminary hydrate formation experiments using the
selected fluids were also conducted in a high pressure autoclave set-up. The purpose of this chapter is to
describe the details of the fluid selection procedure and to explain the range of variables chosen for the
study. A high pressure autoclave system was used to perform hydrate formation experiments. Results from
the autoclave hydrate experiments are also discussed. The fluid selection procedure is discussed in detail in
Section 3.2. The high pressure autoclave study results are presented in Section 3.3.
3.1 Systems of Interest
In case of oil dominated systems, which is typically encountered during the early stages of oil production,
the water may be completely emulsified in the oil phase and hydrate shells grow around these emulsified
droplets. The surface area available for the hydrates to grow is assumed to be equal to the total surface
area of all the droplets of water dispersed. However it is shown that even with water cuts as low as 30%,
the water may not be emulsified completely and may exist as a free water phase (Al-Wahaibi et al., 2012).
Some oils have been known to be very poor dispersants of water due to the lack of natural surfactants. Even
in this case, the water may not be emulsified in the oil phase. As the oil field matures, the amount of water
produced also increases significantly. In all these scenarios, the state of water can be as shown in Figure 3.1
(a) where some water is dispersed in the oil phase and some exist as a free water phase or the oil could be
dispersed in the continuous water phase as shown in Figure 3.1(b).
Figure 3.1: (a) Partially dispersed system, (b) Water continuous system.
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The free water layer present may wet the pipelines and when the conditions are conducive for hydrate
formation, hydrates may form not only in the bulk oil phase due to dispersed water (if any present), but
also along the water wetted pipe walls and the interface of the oil-water phases. Hence the hydrates may
form/grow very rapidly in the partially dispersed systems. Hence more emphasis is laid on such systems in
the present study.
3.2 Fluid Selection
This section describes the methodology followed for the selection of fluids to be used for the flow loop
experiments.
3.2.1 Free water observation with oils of known properties
To choose the appropriate fluids to be used in the flow loop, simple bottle tests were performed to observe
a free water phase and simple conductivity measurements were made to check for the continuous phase. The
experimental set up consisted of a transparent glass beaker of four inches internal diameter and a two inches
diameter, six blade vane impeller with speeds that could be varied from 100-1000 RPM. Hydrocarbons with
varying densities and viscosities were used. The properties of the initial fluids used are given in Table 3.1.
Either water soluble or oil soluble dye was used when appropriate for easy visualization.
Table 3.1: Properties of fluids with known dispersion properties.
Oil Specific Gravity at
25➦C
Viscosity, cP at 40 ➦C
King Ranch Condensate (KRC) 0.7 0.5
Conroe Crude Oil 0.842 3.1
In each experiment a certain amount of oil was placed in the beaker and was stirred with continuous
addition of water till a free water phase was observed. The position of the impeller was kept at an optimum
distance from the bottom of the beaker and was same in all experiments. In order to see if these simple
bottle tests mimic the actual behavior of the fluids in flow line, two fluids with known behavior (King Ranch
condensate and Conroe crude oil) were checked first for the presence of free water. It is known from earlier
flow loop experiments that the King Ranch condensate has very poor water dispersion capabilities. So when
a certain amount of this condensate was placed in the beaker and stirred at 300 RPM with addition of dyed
water, even with less than five volume percent water added, there was a water layer at the bottom (orange
color) of the cell. No water was being dispersed into the oil phase. This is evident in Figure 3.2
The same procedure was repeated with higher impeller speeds (up to 1000 RPM). Even at higher mixing
rates, the water added remained as a free phase at the bottom and was not dispersed in oil. This is shown
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Figure 3.2: Free water layer present at the bottom of the beaker at 300 RPM for KRC and water mixture.
in Figure 3.3.
On the other hand, from previous flow loop experiments, Conroe crude oil is known to have very good
water dispersion capabilities. So when a certain amount of Conroe crude oil was placed in the beaker and
water added upon stirring at 300 RPM, no free water was observed even at 90% water cut. Only when the
impeller speed was decreased to 200 RPM, a free water phase was visible at 90% water cut. This is shown
in Figure 3.4.
These two experiments showed that these simple bench top tests were infact mimicking the actual flow
loop scenarios. Hence it was decided to continue the beaker tests to select the test fluids.
3.2.2 Free water observation with model oils
It was decided to test one solvent and a few mineral oils to choose the appropriate fluids to be used in
the flow loop tests. The results from experiments using model oils is presented in this section. Table 3.2
gives the properties of the fluids selected for the initial study.
Table 3.2: Properties of fluids to be used in flow loop experiments.
Oil Specific Gravity at 25 ➦C Viscosity, cP at 40 ➦C
Soltrol 220 0.79 2.6
Mineral Oil 70T 0.825 10.2
Mineral Oil 200T 0.856 34.2
Mineral Oil 350T 0.863 59.1
Mineral Oil 500T 0.864 76.0
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Figure 3.3: Free water layer present at the bottom of the beaker at 1000 RPM for KRC and water mixture.
Figure 3.4: Free water layer present at the bottom of the beaker for Conroe oil and water mixture.
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Soltrol 220 was provided by University of Tulsa and the rest of mineral oils were commercially available
Crystal Plus technical grade white mineral oils from STE Oil Company, Inc. Mineral Oil 500T was to be
the last option due to its difficulty of use in the flow loop due to its high viscosity. Hence no bench top tests
were performed initially using this oil.
Like in the earlier experiments, a certain amount of oil was placed in the beaker and stirred at 300 RPM
with continuous addition of water till a free water phase was observed. In each case care was taken to keep
the impeller at an optimum distance from the bottom. Each experiment was repeated at least two times
for repeatability. Visual observations were made to check for a free water phase and images were recorded
during the experiment. The results of these experiments is presented in this section.
A free water phase was first visible for Soltrol 220 at a water cut of 53%. Mineral Oil 70T showed a free
water phase at 50% water cut and above. Mineral Oil 200T and Mineral Oil 350T showed a free water phase
at 40% water cut and above. Figure 3.5 shows these results pictorially.
(a) Soltrol (b) Mineral Oil 70T (c) Mineral Oil 200T (d) Mineral Oil 350T
Figure 3.5: Free water phases observed for different hydrocarbons.
3.2.3 Range of Operability
Once the above initial free water observations were made, the next parameter that was to be decided
was the velocity at which the flow loop experiments would be conducted. To do this, the same free water
observation experiments were carried out at different impeller speeds for these oils. However no direct
correlation can be made between the impeller speeds in the bench top apparatus to the mixture velocity in
the flow loop experiment at present time. However this set of studies helped us to narrow down the fluids
that could be used in the flow loop experiments. The following graph gives the water cut at which free water
was observed at different impeller speeds.
As seen from Figure 3.6, free water phase was not present at higher impeller speeds (400 RPM) for
Soltrol 220 and Mineral Oil 70T. Based on these observations, it was decided that using either Soltrol 220
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Figure 3.6: Water cut at which free water is observed at different impeller speeds for different hydrocarbons.
or Mineral Oil 70T would give only a narrow range for operability with respect to velocity in the flow loop
experiments and hence were rejected. Further scoping experiments were conducted using only Mineral Oil
200T and Mineral Oil 350T.
3.2.4 Range of water cuts of interest
Since the aim of my thesis is to study both partially dispersed and water continuous systems, it was
imperative to find out the water cuts at which the water would be partially dispersed (water in oil emulsion
with a free water phase at the bottom) and the point at which the dispersion inverts to become a water
continuous system. In order to determine the continuous phase in these dispersions, a crude conductivity
probe was built. It consisted of a 9 V battery, a simple plastic piece, multimeter and copper wires. Values
closer to 1 V in the multimeter reading was considered to be oil continuous whereas values closer to 9 V
was considered water continuous. In these set of experiments, both visual observations for the presence
of a free water phase and conductivity measurements for determination of the continuous phase was done
simultaneously. Table 3.3 shows the conductivity values for Mineral Oil 200T and Mineral Oil 350T at 300
RPM.
In both Mineral Oil 200T and Mineral Oil 350T, the inversion from oil continuous to water continuous
system occurred at a water cut between 60% and 70%.
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Table 3.3: Conductivity values at different water cuts.
Water Cut (%)









30 N 0.02 N 0.002
40 Y 0.02 Y 0.002
50 Y 0.02 Y 0.002
55 Y 0.02 Y 0.002
60 Y 1.3 Y 0.9
70 Y 7.6 Y 8.0
80 Y 8.1 Y 8.0
3.2.5 Studies with Salt
The produced water in the pipelines increases as the field matures and by this time the salt content in
the pipelines is also high. It was suggested by the working committee members of RPSEA that the flow loop
experiments would represent the actual scenario in pipelines if brine solution was used instead of fresh water
as the aqueous phase in all experiments as salt is present in most reservoirs. Hence all the bench top studies
were repeated with 3.5 wt% NaCl solution. Only Mineral Oil 200T and 350T were used and there was no
significant difference in the results obtained both in terms of free water phase observed and the dispersion
inversion range. This probably could be attributed to the lack of amphiphilic components in the mineral oils
used.
3.2.6 Path dependency of the mixture
In order to investigate if the way the oil-water mixture is prepared would affect the outcome as is the case
in emulsion preparation;the free water observation experiments were repeated taking the fresh water/brine
solution and oil mixture together in different ratios and then mixing it using the impeller. This also did not
have any effect on the results obtained. This could be attributed to the lack of surface active components in
the mineral oil and therefore is a dispersion rather than an emulsion.
3.2.7 Final Selection
Based on all the preliminary tests conducted and considering the limits of the flow loop in terms of
operability, Mineral Oil 350T was chosen as the initial test fluid for the flow loop experiments. The usage of
Mineral Oil 350T which is a clear oil without any surface active compounds gave us a multiple fold advantage.
Since the oil was transparent, it provided for a clear visual inspection of the hydrate formation and plugging
phenomena. The absence of the surface active components made the analysis a little easier.
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3.2.8 Additional fluids
In order to eliminate the possibility of the proposed hydrate formation and plugging phenomena being
unique to Mineral Oil 350T, additional tests with different liquids were essential. Two additional oils, Mineral
Oil 70FG and kerosene were chosen as the test fluids for the second set of experiments in order to validate
the phenomena.
Test fluids used in the flow loop tests are described in detail in Chapter 4.
3.3 Autoclave Experiments
Preliminary hydrate formation experiments were performed in the high pressure autoclave system to
check the fate of the free water present initially after saturating the system with gas. As the dissolution of
gas reduces the viscosity of the oil, more water could disperse into the oil phase at the same shear. This
could make the free water layer disappear completely. Since the flowloop experiments consist of initially
saturating the hydrocarbon phase with gas phase, it was imperative to check the fate of free water after
saturating the oil phase with the gas phase. Hence lab scale experiments were performed to confirm/answer
the following:
❼ Presence of free water after saturation
❼ If the free water phase remains as free water after hydrate formation
❼ Does the presence of an oil layer on top of the free water layer severely hinder the transfer of gas hence
hindering the hydrate formation?
This section provides details of the experimental set up, procedure and the results from the experiments
that were conducted in the high pressure autoclave apparatus to answer the above questions.
3.3.1 Experimental set up
This high pressure, stirred autoclave cell was custom designed by David Greaves (2008) and John Boxall
(2009) and built by Challenger Manufacturing (Golden, CO). Figure 3.7 shows a schematic of the autoclave
with its various probe attachments. The cell is 4 inches in diameter and 9 inches in height with a 1 inch
thick false bottom in place giving it a total volume of 1.89 liters. The cell is pressure rated to 1500 psig and
temperature rated up to -15 ➸C. The cell has two available ports into which a Particle Video Microscope
(PVM) probe (from Mettler-Toledo➤, model 800) and a Focused Beam Reflectance Measurement (FBRM)
probe (from Mettler-Toledo➤, model D600X) can be inserted. The cell is also equipped with temperature
probes. Gas is injected through a 1/8 inch stainless steel gas injection line that extends to near the bottom
of the cell. The cell is cooled to the experimental temperature by immersing the cell into a glycol bath. The
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system is mixed by a vane blade impeller that is coupled to a magnetic motor. The cell can be operated
at constant pressure or constant volume mode. More detailed description of this equipment is provided
elsewhere (Boxall, 2009).
A high pressure conductivity probe was rebuilt in accordance to the procedure described by Greaves
(2008) to determine the type of dispersion present in the autoclave. A Conax-Buffalo➤ electric feed through
was mounted to the top of the autoclave cell with six wire leads on either end. The internal lead wires were
insulated and ran to the bottom of the cell, with the copper wire exposed 0.5 inches at the end of each wire.
The two wire tips were approximately 0.125 inches apart and were located near one of the four baffles, half
inch from the top of the false bottom insert. Since these probes were located close to the false bottom it
helped to determine if a free water phase was present or not. The external wires were attached in circuit to
a data acquisition (DAQ) system, with a nine volt battery providing the voltage for the circuit as shown in
Figure 3.7.
(a) Autoclave cell schematic with attached probes and sensors: (b) Conductivity meter schematic
Figure 3.7: Schematic of the autoclave set up with attached probes and sensors (a) PVM probe, (b) FBRM
probe, (c) thermocouple, (d) conductivity meter, (e) MagneDrive, (f) tachometer, (g) impeller system, (h)
baffles, (i) false bottom, (j) gas inlet.
A set of three experiments were performed in the autoclave using Mineral Oil 200T and Mineral Oil 350T.
A water cut of 60% was chosen initially for these experiments. Liquid loading was kept at 50% (50% of the




Depending on the chosen water cut, measured quantity of oil and fresh/salt water totaling up to 1 liter
was loaded in the autoclave. This leaves the internal volume available for gas to be around 890 ml. Deionized
water was used for every experiment in order to eliminate any anomalies that could be arise due to the usage
of regular tap water. Once the cell was loaded, it was sealed and placed into the cooling bath, kept at 20
➸C. The mixing motor was turned on and the RPM set to 300. At this point, 99.9% methane gas (ultra-high
purity from General Air) would be injected into the system until experimental pressure was reached and
this pressure was maintained constant throughout the entire experiment. The system was then saturated at
20 ➸C and experimental pressure at 300 RPM for 6-12 hours. Once the system was fully saturated (around
seven hours for mineral oil), the bath temperature set point was lowered to 1 ➸C. This would provide
sufficient driving force for the hydrates to form. Hydrates would then be allowed to form in the autoclave
cell till the cell plugged. Pressure, temperature and conductivity were recorded constantly through the data
acquisition system. Some dissociation experiments were also performed in order to check for the state of
dispersion upon dissociation of hydrates. For every experiment, the associated volume of hydrates that
formed in that experiment was calculated using the recorded pressure and temperature data and the Peng
Robinson equation. Detailed calculation method is provided elsewhere (Boxall, 2009). Table 3.4 shows the
experimental conditions for each experiment.
Table 3.4: Experimental conditions for autoclave experiments.
Experiment Number Hydrocarbon Salt, (Y/N) Pressure(psig) Impeller Speed (RPM)
1 Mineral Oil 200T N 965 300
2 Mineral Oil 350T N 800 200
3 Mineral Oil 350T Y, 3.5 wt% NaCl 800 200
3.3.3 Mineral Oil 200T/Fresh water (Experiment 1) results
Figure 3.8 shows the conductivity and motor current measurements throughout the saturation time. As
evident from the graph, at the end of saturation experiment, there was no apparent free water present in
the autoclave (practically zero values for conductivity) and the system was oil continuous. Also it is seen
from the graph that the motor current decreases slightly indicating the decrease in viscosity caused by the
dissolution of methane into the oil phase. However, the conductivity values showed a sharp increase upon the
onset of hydrate formation as indicated by a transient increase in the cell temperature and sharp decrease in
the reservoir pressure as shown in Figure 3.9. The change in conductivity upon hydrate formation is shown
in Figure 3.10. This indicates that the presence of hydrate particles imparted instability to the system and
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this led to the appearance of a free water phase though the system was oil continuous and did not have a free
water phase after saturation. Hence there is a possibility that even though a given pipeline starts out as a
system with no apparent free water, it could quickly turn into a system with free water when the dispersion
stability is altered for some reason.
Figure 3.8: Relative conductivity and motor current during saturation of Mineral Oil 200T with methane
(experimental conditions: 965 psig, 300 RPM, 50%LL).
Figure 3.11 shows how absolute motor current changed with hydrate volume fraction till the system
plugged. In this particular experiment, the system plugged after 3.6 hours post nucleation. It is evident
from the graph that the motor current started fluctuating once a certain hydrate volume was reached in the
system. In this particular case, motor current fluctuations were observed when the hydrate volume fraction
reached ten percent. Rapid fluctuations observed in the motor current values that could be attributed to
the heterogeneous distribution of hydrate particles.
Figure 3.12 shows the PVM images before and at the time of hydrate onset. It is clear from image
Figure 3.12(a) that the water droplets are dispersed in the continuous oil phase. The water droplets are
characterized by the six laser beam dots and the dark background is the oil continuous phase. At the hydrate
onset, the image (Figure 3.12(b)) shows a transparent bright phase which looks significantly different than
the image before onset. The transparent bright phase is the water phase that dropped out of the dispersion
at the hydrate onset. It is clear from these images that the hydrate onset event created a disturbance in the
system leading to destabilization of the dispersion.
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Figure 3.9: Temperature and reservoir pressure measurements throughout saturation and hydrate formation
experiment (experimental conditions: 965 psig, 300 RPM, 50%LL, Mineral Oil 200T).
Figure 3.10: Reservoir pressure and conductivity measurements throughout saturation and hydrate formation
experiment showing change in conductivity upon hydrate onset (experimental conditions: 965 psig, 300 RPM,
50%LL, Mineral Oil 200T).
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Figure 3.11: Hydrate volume fraction and motor current and relative conductivity values post hydrate onset
(experimental conditions: 965 psi, 300 RPM, 50%LL, Mineral Oil 200T).
(a) Before hydrate onset (b) At hydrate onset
Figure 3.12: PVM images showing destabilization of dispersion at hydrate onset (experimental conditions:
965 psi, 300 RPM, 50%LL, Mineral Oil 200T).
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3.3.4 Mineral Oil 350T/3.5 wt.% NaCl solution (Experiment 3) results
For this particular experiment, an apparent free water phase was present after saturation. This is evident
from the high value of the conductivity probe readings as shown in Figure 3.13. The system could not have
been water continuous as the inversion point for this oil was found to be at around 65% water cut. This
system was a partially dispersed system. The constant value in motor current shows that the system was
fully saturated. The sharp rise in the conductivity observed earlier upon hydrate onset was not observed.
This could be due to the fact that there was a free water phase to begin with and additional water drop out
from the dispersion could not have affected the conductivity measurements.
Figure 3.13: Relative conductivity and motor current during saturation of Mineral Oil 350T with methane
(experimental conditions: 800 psi, 200 RPM, 50%LL, 3.5 wt.% salt, Mineral Oil 350T).
Figure 3.14 shows the hydrate volume fraction, motor current and conductivity data as a function of time
after the hydrate onset. Though the system took longer time to plug when compared to the oil continuous
experiment explained earlier, it is to be noted that in this particular experiment, fluctuations in motor
current (which is a precursor for plugging) were observed when the system had seven percent hydrates.
As it can be seen from the bench top experiments, the partially dispersed systems showed variations in
the motor current at a slightly smaller hydrate volume fraction when compared to the oil continuous systems.
Though we were able to answer the questions that these bench top tests were designed to answer, it is to be
noted that neither the hydrate formation phenomena nor the plugging phenomena could be deduced from
these studies. This probably could be attributed to the complex fluid flow events that occurs in a pipeline
which could not be mimicked in a batch bench top apparatus with a very different mixing mechanism. Hence
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Figure 3.14: Hydrate volume fraction, motor current and relative conductivity values post hydrate onset for
Mineral Oil 350T (experimental conditions: 800 psi, 200 RPM, 50%LL, 3.5 wt.% salt, Mineral Oil 350T).
further experiments with autoclave for this study were avoided.
3.4 Summary
In this chapter, the fluid selection procedure was discussed in detail. The range of water cut for this
particular project was identified. Results from preliminary hydrate formation experiments were presented.
The main outcome of the initial investigation was that Mineral oil 350T was best suitable for flow loop
experiments as this oil showed a wider range of mixture velocity at which a free water layer would be
present. Also, partially dispersed and water continuous systems could be studied at a water cut higher
than 40%. The system inverted from an oil continuous to a water continuous system at a water cut in
between 65% to 70%. Preliminary hydrate formation experiments show that the hydrate onset event created
a disturbance in the system leading to the destabilization of the dispersion resulting in water dropping out
from the dispersion. It was also seen that partially dispersed systems tend to show plugging at a lower
hydrate volume fraction when compared to oil continuous systems.
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CHAPTER 4
FLOWLOOP FACILITY AND EXPERIMENTAL METHODS
Experimental work was carried out at the University of Tulsa Hydrate flow loop facility located in
Tulsa, Oklahoma. The purpose of this chapter is to describe the experimental facility in detail, to provide
information on the test conditions and explain the experimental methods in detail. The materials used
in the experiments is described in Section 4.1. The geometry and setup is described in Section 4.2. The
experimental procedure is presented in Section 4.3. The hydrate volume calculations are described in Section
4.4. Lastly, the typical measurements collected for all the experiments is presented in Section 4.5.
4.1 Test Fluids
Three different oils were used in this study. Two model mineral oils (Mineral Oil 350T and Mineral Oil
70FG) and kerosene which represents the condensate systems closely were selected for the study. Different
crude oils were also explored as a part of initial investigations as described in the previous chapter. It was
decided to use the model oils and kerosene without any surfactants to eliminate possible fluid chemistry effects
that make the analysis very complicated, and to obtain better visual observation of the hydrate formation
and plugging phenomena as this project, being one of the first to explore partially dispersed systems is aimed
at understanding the fundamental concepts of hydrate phenomena. Tulsa city gas was used as the gas phase
and brine solution (sodium chloride dissolved in water) was used as the aqueous phase.
The following sections describe the compositional analysis and the most relevant properties of the fluids
used.
4.1.1 TU City Gas
The average composition of TU gas is presented in Table 4.1. City gas was chosen as the hydrate former
as this gas forms sII hydrates which is the type of hydrates mostly encountered in oil and gas pipelines.
4.1.2 Mineral Oil 350T
Mineral Oil 350T is a technical grade white oil used in this project as a model oil. It has an API gravity
of 31, a viscosity of 68.5 cSt (59.1 cP @ 40 ➦C) and a density of 863 kg/m3(@ 25 ➦C). The oil compositional
analysis is presented in Table 4.2.
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Nitrogen N2 1.05 28.01
Carbon dioxide CO2 1.23 44.01
Methane CH4 94.91 16.04
Ethane C2H6 2.35 30.07
Propane C3H8 0.38 44.09
i-Butane i-C4H10 0.02 58.12
n-Butane n-C4H10 0.06 58.12





















4.1.3 Mineral Oil 70FG
Mineral Oil 70FG is a food grade white oil used in this project as a model oil. It has an API gravity of
40, a viscosity of 12.32 cSt (10.6 cP @ 40 ➦C) and a density of 860 kg/m3(@ 25 ➦C). The oil compositional
analysis is presented in Table 4.3.




















Kerosene has properties very similar to condensate systems. Hence kerosene was used as an analog to
real oil in this project. It has an API gravity of 52.3, a viscosity of 2.3 cSt (1.64 cP @ 40 ➦C) and a density
of 860 kg/m3(@ 25 ➦C). The oil compositional analysis is presented in Table 4.4.
4.2 Experimental Set Up
The hydrate formation experiments were performed at the University of Tulsa facility. The flowloop
facility at Tulsa is a 2.9 inch internal diameter stainless steel pipe (schedule 80) and is 162 feet long. Both
the ends of the pipe are connected to the suction and discharge of a commercial twin screw Liestritz pump
to circulate the fluids through the loop. If the hydrate particles are smaller than the clearance of the pump,
it is believed that the hydrate integrity is not affected by the pump. However the total effect the pump has
on larger hydrate aggregates is unknown at this point. The flow loop has a maximum working pressure of
2200 psia. The heating/cooling capabilities yields operating temperatures between 35 ➦F and 120 ➦F.
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A data acquisition system is in place to monitor the loop pressures, pressure drops across the straight
legs of the loop and the pump, temperatures in different sections of the loop, and density measurements
from gamma ray densitometers. The schematic of the flow loop is shown in Figure 4.1.
Figure 4.1: Schematic of University of Tulsa Flow loop
The entire loop is mounted on a 80 feet long deck. The fluids can be set in motion in either rocking mode
or by operating the pump. In order to set the fluids in motion in a rocking mode,the deck can be rocked back
and forth with maximum amplitude of ➧ 8➸ and a minimum period of 30 seconds. The Liestritz twin-screw
multiphase pump is also capable of pumping fluids from horizontal up to 8 degrees uphill. To prevent the
pump from running dry, the pump does not operate with the downhill discharge. In the present work,only
pumping tests were considered and only horizontal alignment of the flow loop was used.
The maximum capacity of the pump is about 250 gpm, which corresponds to a 12 ft/s maximum fluid
velocity. At present, though the individual phase velocities cannot be measured, the fluid mixture can be
estimated from pump curves provided by the manufacturer and hydrodynamic characterizations of the fluids





where, vm is mixture velocity and RPM is revolutions per minute.
4.2.1 Liquid Charging Systems
Brine, oil, solvents and additives can be charged from the storage facility in the process building. Gear
pumps are used to charge the loop with oil, brine and solvents. A Micro Motion mass flow meter measures
the amount of each phase loaded into the flow loop and is recorded by the data acquisition system. A
Milton-Roy high pressure piston pump can be used to inject water or additives at a very slow rate while the
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loop is pressurized. The charge lines are heat-traced and insulated to prevent freezing, gelling and/or wax
deposition.
4.2.2 Gas Charging Systems
Gas is injected into the flow loop by volumetric displacement using high-pressure cylinders and a high-
pressure piston pump. Natural gas from the supply trailer is boosted to 2,000 psia and charged into the
high pressure cylinders. Two cylinders are used alternately, one being charged from the gas supply while
the second is being transferred into the flow loop. Pumping Isopar oil one side of the piston using the
high-pressure piston pump displaces the gas from the cylinder and the flow loop gets charged. The displaced
volume of the Isopar oil, the pressure and temperature of the gas leaving the cylinder are measured. The
mass of gas charged into the flow loop is then calculated using the equations of state and input compositions.
The software allows the use of the Peng-Robinson (PR), Redlich-Kwong (RK) or Benedict-Webb-Rubbin
(BWR) equations of state to compute the mass of gas. The gas addition system can be set to either charge a
given mass of gas into the system and/or maintain a set pressure in the flow loop. Almost all the experiments
performed as a part of the present work are constant pressure experiments. The amount of hydrates formed
is estimated using the mass of gas added to maintain a constant pressure.
4.2.3 Cooling System
The flow loop pipe is jacketed with a 5 inch (schedule 10) stainless steel pipe over most of its length,
except around the multiphase pump and the visual ports. Glycol circulates in the annulus countercurrent
to the fluid flow in the inner tube. The glycol is circulated using a centrifugal pump and the glycol flow rate
is measured using a magnetic flow meter. A 20 ton chiller is used to cool the glycol. Temperature ramps
can be programmed up to about 40 ➸F/hr. A shell-tube steam heat exchanger is used to heat the glycol
circulating in the annulus during the hydrate dissociation phase.
4.2.4 Instrumentation
The amounts of liquid charged into the loop is measured by a Coriolis flow meter. Thermocouples located
at various locations in the flow loop measure the temperature. Rosemount pressure and differential pressure
transducers measure the pressure and differential pressure. The system pressure is measured by two pressure
transducers located at the suction and discharge side of the pump. The pressure drop across the pump is
measured by differential pressure transducer located across the pump. The differential pressure across the
two long straight sections of the loop is also measured. Three gamma-ray densitometers located at three
different locations as shown in Figure 4.1 measures the average density of the mixture at the cross section.
The flow loop is also equipped with a moving gamma densitometer to measure the density profile in the
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discharge leg of the loop. The information from the densitometers can be used to obtain information on the
location of the hydrate accumulations. A data acquisition system records data every ten seconds.
4.2.5 Seal Oil System
Back pressure on the multiphase pump seals is maintained by a John Crane seal oil system. The seal oil
system also provides cooling and lubrication. This seal system constantly adjusts the back pressure on the
seals to track the flow loop pressure. An accumulator is also present to maintain the pressure on the seals
in case of a power failure. This provides sufficient time for the operators to depressurize the flow loop and
bring the system to a safe condition.
4.2.6 View ports
The flow loop is equipped with four view ports located at the beginning and end of each leg that can be
used for visual observation and image recording. These view ports are made up of three sapphire windows
located at 120➦ angles from each other around the pipe.
4.2.7 Sample Port
A sample port located in the bend directly across the pump allows to draw samples during the ex-
periments. The samples obtained provide valuable information on the relative amount of fluids that are
circulating in the flow loop.
4.3 Experimental Procedure
A summary of the experimental procedure is given below:
1. Vacuum the flow loop to a pressure 28 mmHg.
2. Start the cooling system at a constant temperature of 70 ➸F.
3. Start the John Crane seal oil system.
4. Load the flow loop with required amount of water.
5. Load the required mass of oil into the flow loop.
6. Charge the loop with gas till the experimental pressure is reached.
7. Stabilize the flow loop for at least one hour (to verify saturation of liquid phase with gas and to check
for leaks).
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8. Stop the pump and restart it at different speeds to check for presence of a free water phase visually
(in case of a partially dispersed experiment).
9. Draw sample to confirm the presence of free water.
10. Initiate the cooling period at desired cooling rate.
11. After hydrates start forming, the cooling is continued until the final temperature or equipment limita-
tions are reached.
12. Dissociate hydrates by setting a heating ramp to a temperature of 70 ➸F.
13. Depressurize, drain and clean the flow loop.
If the same charge is used for a subsequent experiment, the memory effect of the hydrate needs to be
eliminated. In order to do this, the loop is heated to a temperature of 120 ➸F after dissociation. Then, the
loop is cooled to 70 ➸F to start the second test.
4.4 Hydrate Volume Calculation
Figure 4.2 a and b shows the pressure, temperature and gas addition measurements for a typical hydrate
formation experiment. Figure 4.2 c and d shows the temperature measurements for hydrate dissociation
experiment. The hydrate formation experiment was around three hours long and the dissociation experiment
was around one hour long. The hydrate formation experiment consisted of saturating the fluids, cooling and
hydrates growth and the dissociation experiment consisted of heating of the fluids and dissociation of hydrates
as outlined. The onset of hydrate formation was determined as the point when the flow loop temperature
increased due to the exothermic nature of hydrate formation. As the gas got enclatharated in the hydrates,
the pressure of the flow loop decreased and gas was added rapidly to maintain constant pressure in the flow
loop. This was another confirmation for the hydrate onset point. The dissociation point was recognized
as the point at which the gas had to be vented more rapidly as gas was being released due to hydrate
dissociation. This point was also confirmed by the slope change of the coolant fluid temperature trace. As
the gas added during hydrate formation was directly measured, the volume of hydrate was calculated directly
as described in the following section.
At time = 0, the total moles of water present in the loop (nwater−loop(t=0)) was calculated based on the
measured mass of water charged initially (mwater−added(t=0) ) and the molecular weight of water ( MWH2O).
This is shown in equation 4.2.
nwater−loop(t=0) = mwater−added(t=0) ×MWH2O (4.2)
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Figure 4.2: (a). Temperature traces for a typical hydrate formation experiment. (b). Gas addition and
pressure traces for a typical hydrate formation experiment. (c). Temperature traces for a typical hydrate
dissociation experiment. (d). Temperature traces for a typical hydrate dissociation experiment for the first
thirty minutes of hydrate dissociation experiment showing a change in slope of the coolant temperature at
the onset of hydrate dissociation.
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At any time t, the moles of methane present in the loop (nCH4−loop(t) ) was calculated based on the
system conditions like the volume available for gas (V ), pressure (P ) and temperature (T ) using equations






Equations 4.4 through 4.8 was used to calculate the moles of gas converted to hydrates (nCH4−consumed(t)).
The moles of hydrates (nhydrate(t)) formed was calculated by multiplying the moles of gas converted to hydrate
by the stoichiometric ratio that is obtained using CSMGem. The moles of hydrate formed was then converted
to volume of hydrates (Vhydrate) by multiplying with the density of hydrate(ρhydrate), also obtained from
CSMGem. With progress of time, the composition of the gas phase would change due to consumption of the
hydrate formers during hydration formation. Since fresh gas was added to the loop to make up for the gas
consumed, the composition of the gas phase was assumed to be constant.
∆nCH4−added(t) = nCH4−added(t) − nCH4−added(t−∆t) (4.4)
∆nCH4−loop(t) = nCH4−loop(t) − nCH4−loop(t−∆t) (4.5)
∆nCH4−consumed(t) = nCH4−consumed(t−∆t) −∆nCH4−loop(t) +∆nCH4−added(t) (4.6)
nhydrate(t) = 6× nCH4−consumed(t) (4.7)
Vhydrate(t) = nhydrate(t) × ρhydrate (4.8)
The volume of water left in the loop decreased as time progressed due to consumption of water with
hydrate formation. The volume of water left in the loop was calculated using equations 4.9 and 4.10.
nwater−left(t) = nwater−loop(t) − 7× nCH4−consumed(t) (4.9)
Vwater−left(t) = nwater−left(t) × ρwater (4.10)
The volume of the loop available for the gas phase also decreased over time as the total volume occupied
by the hydrates, oil and water was greater than the volume occupied by the fluids before hydrate formation.
This available volume for the gas phase was calculated using equation 4.11.
VCH4−loop(t+∆t) = Vloop − Voil − Vwater−left(t) − Vhydrate(t) (4.11)
Hydrate volume expressed as concentration in the solid-liquid mixture is given in 4.12.
φhydrate(t) =
Vhydrate(t)
Vhydrate(t) + Voil + Vwater−left(t)
(4.12)
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The new pressure, temperature and volume were used to calculate the moles of hydrate at the new time
step using equations 4.3 to 4.11 and the steps are repeated until the end of each experiment. Figure 4.3
shows the hydrate, water and gas volumes plotted as a function of time after nucleation.
Figure 4.3: Hydrate and water volumes are plotted during formation as a function of time after nucleation.
Hydrate volume increases (at the expense of water) during formation.
4.5 Measurements, Samples and Observations
4.5.1 Measurements
Pressure drop across the pump, pump speed (rpm), and density are the variables that were measured
and recorded. The pressure drops were measured using differential pressure transducers across four different
locations in the loop. Pressure drop in different segments of the flow loop is shown in Figure 4.4.
The density measurements taken at three different locations are shown in Figure 4.5.
4.5.2 Samples
Samples were collected throughout the experiment. Sampling the fluids before the cooling period helped
determine the presence of a free water phase. The presence of free water was deduced based on the relative
amount of water and oil sampled. For e.g., if for a 80% water cut experiment, during pumping, if the fluids
sampled contained 80% water, the system was a completely dispersed system with homogeneous mixing. If
the amount of water sampled was more than 80% in the drawn sample, then the presence of free water was
evident. During the hydrate formation period, the sample collection and analysis had to be at the instant
the sample was collected. Since the sample collection port was at atmospheric pressure, rapid dissociation of
hydrates due to depressurization occurred. Hence the samples were analyzed and observations were recorded
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Figure 4.4: Pressure drop measured across the pump and the two straight sections of the loop during a
typical hydrate formation experiment.
at the instant the sample was collected. The presence of hydrates was indicated by the frothy appearance
of the fluids at the moment of sampling as shown in Figure 4.6. Figure 4.6 also shows some free oil that
was also sampled. These samples once phase separated, would give a rough idea of how much hydrates were
flowing in the pipeline at the time of sample collection.
4.5.3 Visual Observations
The flow loop is equipped with four view ports located at different locations as shown in Figure 4.1.
Visual observations through these view ports provided valuable information regarding the hydrate plugging
phenomena. Videos were recorded during the experiment to capture the different phenomena observed during
the hydrate formation and plugging events.
4.6 Summary
In this chapter, the University of Tulsa flow loop including the working and the instrumentation used
for measurements was discussed in detail. The test fluids used and the important properties were presented.
The pressure, temperature, amount of gas added and volume measurements enabled the the hydrate volume
calculations as a function of experimental time in the flowloop. The calculation algorithm used for the
hydrate volume fraction calculation was discussed. The density and the pump pressure drop measurements
can be used for data analysis.
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Figure 4.5: Average cross-sectional density measured at three different locations for a typical hydrate for-
mation experiment.
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EXPERIMENTAL RESULTS OF MINERAL OIL 350T
Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes
Prithvi Vijayamohan1,2, Carolyn A. Koh3, Michael Volk4, Emmanuel Delle-Case4, Amadeu K. Sum3,5
Based on the initial investigation (details provided in Chapter 3), Mineral Oil 350T was chosen as the
oil phase for the experimental work at the University of Tulsa flowloop to investigate the hydrate formation
and plugging in partially dispersed and water continuous systems. In this chapter, the results and analysis
of these experiments are discussed in detail. Experimental results and analysis including the effect of various
factors like liquid loading, water cut, pressure, mixture velocity etc on the hydrate formation and plugging
tendency are discussed in this chapter.
5.1 Experimental Matrix
Mineral oil 350T was chosen primarily as this oil gave a higher range of operability when compared
to other oils. This is a clear oil that has very limited water dispersion capabilities under shear. Because
it is transparent, it gave better visual observation of the phenomena inside the flowloop which was very
important for conceptual understanding of the plugging phenomena. Since this oil did not have any surface
active components, the hydrate formation and plugging could be studied without the complications imparted
by these components.
A total of eighteen experiments were performed varying different parameters like liquid loading, velocity,
pressure etc. Most of the experiments were constant pressure experiments with the utilization of a red oil
soluble dye for easier observation. In these systems, a mixture velocity of 2.3 ft/sec corresponded to partially
dispersed systems and a mixture velocity of 5.5 ft/sec led to completely dispersed systems. A list of these
experiments are given below in Table 5.1.
5.2 Flow Regime prior to Hydrate Formation
Since the flow regime dictates the presence of each phase relative to the other, the hydrate formation and
plugging could be different in each flow regime. Hence any study which involves hydrates in pipelines should
be done in conjunction with the multiphase flow. Hence the flow regime for each experiment before starting
1Primary researcher and author
2Graduate student, Department of Chemical & Biological Engineering, Colorado School of Mines, Golden, CO, USA
3Professor, Department of Chemical & Biological Engineering, Colorado School of Mines, Golden, CO, USA
4Professor, Petroleum Engineering Department, University of Tulsa, Tulsa, OK, USA
5Author for correspondence
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1 70 50 2.3 1500 3.5 Partial Dispersion
2 70 50 2.3 1500 3.5 No dye/Repeat
3 70 80 2.3 1500 3.5 Partial Dispersion
4 70 65 2.3 1500 3.5 Partial Dispersion
5 70 80 5.5 1500 3.5 Complete Dispersion
6 70 80 2.3 1000 3.5 Effect of Pressure
7 70 30 5.5 1500 3.5 Oil Continuous
8 70 80 3.9 1500 3.5 Partial Dispersion
9 70 80 2.3 1500 7.0 Effect of Salt
10 70 30 5.5 1500 3.5 Repeat
11 70 65 2.3 1500 3.5 Repeat
12 70 65 5.5 1500 3.5 Complete Dispersion
13 90 80 2.3 1500 3.5 Partial Dispersion
14 90 80 5.5 1500 3.5 Complete Dispersion
15 50 80 2.3 1500 3.5 Partial Dispersion
16 50 80 5.5 1500 3.5 Complete Dispersion
17 90 80 2.3 1500 3.5 Gas Addition
18 90 65 2.3 1500 3.5 Partial Dispersion
the cooling phase was deduced using two methods. First, by analyzing the pump pressure drop across the
straight sections of the pipe and second by using the data from the gamma ray densitometer. The data from
the gamma ray densitometer was used to determine the hold up of each phase. Using the hold up values
and assuming no slip condition between the liquid and gas phase, superficial liquid and gas velocities were
calculated using the below described method.
For any given pipeline, the average density of the phases is given by Equation 5.1.
ρM = ρL ×HL + (1−HL)× ρG (5.1)
where, ρM is density of the mixture, ρL is density of the liquid, ρG is density of gas and HL is no slip liquid
hold up.










where, ωO is the oil volume fraction, ρoil is density of oil and ρwater is density of water.
The average mixture density (ρM ) of the fluid phases in the flow loop was obtained by the densitometer






The superficial liquid and gas velocities were calculated using
VSL = vm ×HL (5.4)
VSG = vm − VSL (5.5)
where, VSL is superficial liquid velocity, VSG is superficial gas velocity and vm is mixture velocity.
The liquid and gas superficial velocities (VSL and VSG) were used to obtain the flow regime from literature
(Açikgöz et al., 1992; Al-Hadhrami et al., 2014; Oddie et al., 2003) for similar systems in which flow regime
maps were presented.
Shown below are the graphs for the pressure drop measured (PDR5 and PDR6) in the two straight
sections for a few sample experiments for a period of 10 minutes before cooling was initiated.
Figure 5.1 shows the pressure drop measured (PDR5 and PDR6) in the two straight sections of the flow
loop for the higher liquid loading (70%), higher water cut (80%) experiment for a period of 10 minutes
before cooling was initiated.Figure 5.1(a) shows the pressure drop profile for a partially dispersed system
at a velocity of 2.3 ft/sec. It can be seen from the figure that the pressure drop profiles are very similar
and relatively smooth with no major fluctuations in both the sections of the flow loop. This pressure drop
profile is a characteristic of a stratified/stratified wavy flow present in the flow loop. Figure 5.1(b) shows
the pressure drop profiles for the same system at a higher mixture velocity (5.5 ft/sec). This figure shows
fluctuations in the pressure drop profiles which is different when compared to Figure 5.1(a). It was observed
that when the pressure drop increased in once section of the flow loop, the other straight section showed a
decrease in the pressure drop at the same time. Also in the same section of the flow loop, the pressure drop
profiles showed alternating high and low values. This fluctuating pressure drop profile is characteristic of
a slug flow present in the flow loop. When a slug of liquid passed in a particular section of the flow loop,
the pressure drop of that particular section showed a higher value. Similarly, when a gas pocket passed in a
particular section of the flow loop, the pressure drop of that particular section showed a lower value.
Figure 5.2 shows the pressure drop measured (PDR5 and PDR6) in the two straight sections of the flow
loop for the higher liquid loading (70%), medium water cut (65%) experiment for a period of 10 minutes
before cooling was initiated. Figure 5.2(a) shows the pressure drop profile for a partially dispersed system
at a velocity of 2.3 ft/sec and Figure 5.2(b) shows the pressure drop profiles for the same system at a higher
mixture velocity (5.5 ft/sec). Even at this water cut, it can be seen from Figure 5.2(a) that the pressure
drop profiles were very similar and relatively smooth with no major fluctuations in both the sections of the
flow loop at lower mixture velocity indicating stratified/stratified wavy flow and at higher mixture velocity,
the system showed slug flow characteristics as indicated in Figure 5.2(b).
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(a) Stratified flow (2.3 ft/sec) (b) Slug flow (5.5 ft/sec)
Figure 5.1: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 80% WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
(a) Stratified flow (2.3 ft/sec) (b) Slug flow (5.5 ft/sec)
Figure 5.2: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 65% WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Similarly, Figure 5.3 shows the pressure drop measured (PDR5 and PDR6) in the two straight sections
of the flow loop for the low liquid loading (50%), high water cut (80%) experiment for a period of 10 minutes
before cooling was initiated. Even at low liquid loading, the system was in stratified/stratified wavy flow
regime at low mixture velocity (2.3 ft/sec) as indicated by Figure 5.3(a) and showed slugging characteristics
at a higher mixture velocity (5.5 ft/sec) as indicated by Figure 5.3(b). Similarly, the pressure drop data was
analyzed for all the experiments and flow regimes were deduced using this data.
(a) Stratified flow (2.3 ft/sec) (b) Slug flow (5.5 ft/sec)
Figure 5.3: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 80% WC, 50%LL,1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Table 5.2 shows the experimental flow regime deduced using the densitometer data compared with the
flow regime obtained from literature (Açikgöz et al., 1992; Al-Hadhrami et al., 2014; Oddie et al., 2003)
for similar systems. As it can be seen from the table, the experimentally obtained/deduced flow regimes
are accurate for most cases when compared with the flow regimes obtained from literature. Differences
between the experimental flow regimes and the flow regimes obtained from literature in some cases could
be attributed to the differences in the fluid systems used in experiments and the ones used by the authors
(Açikgöz et al., 1992; Al-Hadhrami et al., 2014; Oddie et al., 2003). Detailed flow regime descriptions can
be found in Chapter 2.
5.3 Typical Experimental Run
As discussed in the previous chapter, the fluids inside the flow loop were cooled down below the hydrate
equilibrium temperature in order to form hydrates. In all the experiments, the hydrate formation onset
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1 70 50 2.3 1.69 0.61 Stratified
Stratified
wavy
2 70 50 2.3 1.69 0.61 Stratified
Stratified
wavy
3 70 80 2.3 1.76 0.54 Stratified
Stratified
wavy
4 70 65 2.3 1.62 0.68 Stratified
Stratified
wavy
5 70 80 5.5 4.01 1.49 Slug Slug
6 70 80 2.3 1.53 0.78 Slug
Stratified
wavy
7 70 30 5.5 3.75 1.75 Slug Slug
8 70 80 3.9 2.92 0.98 Slug
Stratified
wavy
9 70 80 2.3 1.46 0.84 Slug/Stratified
Stratified
wavy
10 70 30 5.5 3.75 1.75 Slug Slug
11 70 65 2.3 1.62 0.68 Stratified
Stratified
wavy
12 70 65 5.5 4.0 1.5 Slug Slug
13 90 80 2.3 2.04 0.26 Stratified
Stratified
wavy
14 90 80 5.5 4.92 0.58 Intermediate
Stratified
wavy
15 50 80 2.3 1.25 1.05 Stratified
Stratified
wavy
16 50 80 5.5 3.22 2.28 Slug Slug
17 90 80 2.3 2.04 0.26 Stratified
Stratified
wavy
18 90 65 2.3 2.24 .06 Slug Stratified
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occurred when the fluid temperature was a few degrees below the hydrate equilibrium temperature. In
all the experiments, the fluid temperature increased upon hydrate onset for five to ten minutes and began
decreasing again. In all the experiments, the fluids never attained the set temperature of 40 ➸F.
It is to be noted that, though in some cases, the same charge was used for a subsequent experiment, the
memory effect was not expected as the fluids were heated to 120 ➸F after dissociation for at least an hour
before starting the next hydrate formation experiment.
Figure 5.4 shows the amount of hydrates, fluid temperature and pump pressure drop as a function of time.
The hydrate onset was recognized by a sharp increase in temperature and pump pressure drop. The pump
pressure drop and the hydrate amount traces could be divided into two distinct regions. Region I where
the hydrate growth was fast and the pressure drop showed a smooth increase. In this region, homogeneous
distribution of the hydrate particles was observed both radially and axially along the flow loop. The pump
showed fluctuations once the hydrate volume fraction exceeded a certain amount, φplugging onset. This was
characterized as Region II. In Region II, heterogeneous flow of hydrate particles was observed. This was due
to moving beds of hydrates in the system. Depending on flow conditions either settling of hydrates occurred
eventually or moving beds of hydrates were observed till the end of experiment.
The samples collected throughout the experiment gave information regarding the fluids that were circu-
lating in the flowloop at any given time. Figure 5.5 shows the hydrate volume fraction and pump pressure
drop as a function of time in the top graph (Figure 5.5(a)). Also given in black circles are the sample
numbers. It is observed from Figure 5.5(b) that when the pump pressure drop increased smoothly and when
fluctuations were observed, hydrates and oil were sampled. This showed that the hydrates were circulating
inside the flowloop. However Sample number 7 (taken during the period when the pump pressure drop
showed a flat profile), showed only oil circulating the flowloop. Neither hydrates, nor water were sampled.
This showed that the hydrates formed were deposited and not flowing. Therefore, the settling of the hydrates
was evident from both the pump pressure drop data and the samples collected. In all the experiments when
the hydrates settled on the pipe walls, only oil was sampled. Similarly in experiments where moving beds of
hydrates were observed towards the end of the experiment, hydrates and oil were sampled.
Figure 5.6 shows the pump pressure drop as a function of hydrate volume fraction. It can be observed
that the pump pressure drop begins to show fluctuations once a certain hydrate volume fraction is reached.
The hydrate volume fraction at which we observed transition from Region I to Region II will be referred to
as φplugging onset or φbedding onset in the entire document. In each experiment, φplugging onsetwas recognized
based on the fluctuations in pressure drop, fluctuations in the gamma densitometer data and the real time
observations when heterogeneity in flow was observed. This φplugging onset also represents the hydrate amount
that can be safely transported in the pipeline before the pipeline plugged. In this particular experiment, the
64
Figure 5.4: Typical pump pressure drop, temperature and amount of hydrates formed throughout an exper-
iment (experimental conditions: 80% WC, 2.3 ft/sec, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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(a) Pump Pressure Drop and Hydrate Volume Fraction throughout experimental
time
(b) Picture of the samples taken with analysis performed immediately after collecting samples
Figure 5.5: Nature of the fluids flowing throughout the experiment (experimental conditions: 80% WC, 2.3
ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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transition occurred at a hydrate volume percent of 14%.
Figure 5.6: Pump pressure drop as a function of hydrate volume fraction (experimental conditions: 80%
WC, 2.3 ft/sec, 90% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
5.4 Hydrate Onset
The onset of hydrate formation is characterized by an induction time, tinduction. The induction time
is defined as the amount of time it takes to observe hydrates after the system is cooled to the desired
temperature below hydrate equilibrium temperature. In all the current experiments, the onset of hydrate
formation occurred as the fluids were being cooled. Hence, the subcooling at which the onset of hydrate
formation occurred is reported instead of the induction time.
For our tests, subcooling was defined as the difference between the hydrate equilibrium temperature
predicted by PVTsim➤ at the measured pressure at the time of the HF onset and the actual onset observed
experimentally. The error bars represent the standard deviation of the temperature measurements (taken
by the five thermocouples).
5.4.1 Hydrate onset in stratified flow
Figure 5.7 shows the effect of liquid loading on the hydrate onset temperature for stratified flow conditions
at same mixture velocity and different water cuts. Hydrate onset occurred when the sub cooling was 11.0
➸F in the 50% liquid loading system, at a sub cooling of around 9.5 ➸F when the liquid loading was 70%
and at a sub cooling of around 7.5 ➸F when the liquid loading was 90% . It was found that the degree of
sub cooling required for the hydrates to form decreased with increase of liquid loading. This meant that
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the hydrates formed more readily in systems where there was more liquid phase present when compared to
systems where there was more gas phase present.
Figure 5.7: Effect of liquid loading (50,70 and 90%) on the sub cooling at the onset of hydrate formation
(experimental conditions: 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
5.4.2 Hydrate onset in slug flow
No clear trend was observed with respect to the effect of liquid loading on the hydrate onset for this oil.
5.5 Destabilization of Flow Upon Onset
Figure 5.8 shows the snapshots of the videos that were recorded from the bottom view port before, at and
after the hydrate onset occurred. It is evident from the images that before the hydrate onset (Figure 5.8(a))
there was clear transparent water layer (as this was a partially dispersed experiment). At the time of the
onset (Figure 5.8(b)), it was observed that a clear transparent layer thickness increased. This was a result
of the destabilization of the oil-water dispersion at the onset leading to the breaking of the dispersion and
the water dropping out. After a few minutes after the hydrate onset occurred, redispersion of the phases
occurred as shown in Figure 5.8(c). A homogeneous liquid phase carrying hydrate particles was observed.
Similar destabilization of the dispersions at hydrate onset was observed in all the other experiments for
Mineral Oil 350T. It is believed that the destabilization of the dispersion is caused due to the pickering effect
the hydrates have on the dispersion.
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(a) Before Onset (b) At Onset (c) After Onset
Figure 5.8: Destabilization of the fluids at hydrate onset (experimental conditions: 2.3 ft/sec, 70%LL, 1500
psia, 3.5 wt.% salt, Mineral Oil 350T).
5.6 Effect of Liquid Loading
Figure 5.9 shows the hydrate volume fraction and pump pressure drop as a function of time for three
different liquid loadings for a high water cut (80%) system. It is evident from the figure that the hydrate
growth and the pressure drop profiles are different at higher liquid loading (90%) when compared to medium
and low liquid loadings (70% and 50%) for the same set of conditions. At higher liquid loading (90%) for
this particular mixture velocity, the hydrate growth rate was observed to be slow when compared to medium
and low (70% and 50%) liquid loading. The system was mass transfer limited in terms of availability of
gas because of low mixture velocity. Hence the rise in pressure drop was also not as rapid when compared
to 70% and 50% liquid loading. However at all liquid loadings, as soon as the hydrate onset occurred, the
pump pressure drop increased rapidly. When a certain hydrate amount was reached, the pump pressure
drop showed fluctuations and moving beds of hydrates were observed. Eventually the hydrates settled on
the pipe walls with only the oil and gas phases flowing at 70% and 50% liquid loadings whereas moving beds
of hydrates were observed towards the end of the experiment when the liquid loading was 90%.
It is to be noted that when the liquid loading was 70%, the system was able to keep the hydrates flowing
for about hundred minutes after the onset whereas when the liquid loading was 50%, hydrates settled down
completely about forty minutes after the onset with only oil/gas circulating around in the flowloop. Hence
the pressure drop remained constant and showed no fluctuations. This settling of hydrates with only oil/gas
flowing was confirmed by both visual observations and density data. This showed that high water cut systems
that had lesser amounts of liquids were more susceptible to hydrate settling under stratified flow conditions.
Figure 5.10 shows the hydrate volume fraction and pump pressure drop as a function of time for three
different liquid loadings at a higher mixture velocity. It is evident from the figure that the hydrate growth
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(a) 50% LL (b) 70% LL
(c) 90% LL
Figure 5.9: Effect of liquid loading on the pump ΔP and hydrate volume fraction (experimental conditions:
80% WC,2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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and the pressure drop profiles for medium (70%, Figure 5.10(b)), low (50%, Figure 5.10(a)) and high (90%,
Figure 5.10(c)) liquid loading were very similar even at higher mixture velocity.
At all liquid loadings, it was observed that as soon as the hydrate onset occurred, the pump pressure
drop increased rapidly. When a certain hydrate amount was reached, the pump pressure drop showed
fluctuations and moving beds of hydrates were observed. Hydrates growth occurred at a faster rate at higher
mixture velocity and hence the pressure drop increased rapidly. At all liquid loadings, visual observations
and density data did not confirm settling of hydrates at high mixture velocity. Only moving beds of hydrates
were observed. This is evident from the pressure drop traces shown in Figure 5.10(a), Figure 5.10(b) and
Figure 5.10(c) in which the pump pressure drop showed large amplitude fluctuations which was indicative
of beds of hydrates moving inside the flow loop.
These experiments showed that when the systems were in slug flow regime before hydrate formation,
hydrate plugging phenomena would probably be due to moving beds of hydrates rather than settling of
hydrates on the pipe walls as observed in stratified flow.
Figure 5.11 shows the hydrate volume fraction and pump pressure drop as a function of time at two
different liquid loadings for a system where the water cut was close to inversion point. In these systems, no
settling of hydrates was observed at both liquid loadings as indicated by Figure 5.11(a) and Figure 5.11(b)
though the system was in stratified flow regime at 70% liquid loading.
5.6.1 Effect of liquid loading on hydrate growth
Figure 5.12 shows the amount of hydrates formed as a function of time for three different liquid loadings.
It can be seen that the liquid loading did not affect the growth rate at low (50%) and medium (70%) liquid
loading at low mixture velocity. It is to be noted that the 70% liquid loading experiment had a slightly higher
degree of subcooling when compared to the 50% and 90% liquid loading cases as shown in Figure 5.13. This
could explain a slightly faster hydrate growth rate for the 70% liquid loading system. Though the high liquid
loading (90%) experiment had similar degree of subcooling as the 50% liquid loading experiment, a much
slower growth was observed. This suggested that the high liquid loading (90%) experiment was mass transfer
limited because of low mixture velocity. Since at a higher liquid loading, a thicker oil layer would be present.
This would act as a barrier for the transport of methane from the bulk gas phase to the liquid phase when
compared to the lower liquid loading cases. This would probably explain the slower hydrate growth in the
higher (90%) liquid loading systems.
Figure 5.14 shows the effect of liquid loading on the hydrate growth at a higher mixture velocity. Since
at all liquid loadings, there was sufficient amount of mixing between the gas and liquid phases due to higher
mixture velocity, the hydrate growth rate was observed to be the same for all liquid loadings. A slightly
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(a) 50% LL (b) 70% LL
(c) 90% LL
Figure 5.10: Effect of liquid loading on the pump ΔP and hydrate volume fraction (experimental conditions:
80% WC, 5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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(a) 70% LL (b) 90% LL
Figure 5.11: Effect of liquid loading on the pump ΔP and hydrate volume fraction (experimental conditions:
65% WC, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.12: Effect of liquid loading on the hydrate growth rate (experimental conditions: 80% WC, 2.3
ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.13: Temperature profiles at different liquid loadings for the first twenty five minutes after hydrate
onset (experimental conditions: 80% WC, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
higher hydrate growth rate for the 70% liquid loading case could be explained by the higher subcooling for
that particular experiment as shown in Figure 5.15.
Figure 5.16 shows the amount of hydrates formed as a function of time for two different liquid loadings
for a 65% water cut system at a mixture velocity of 2.3 ft/sec for the first twenty five minutes after hydrate
onset. It can be seen that the 70% liquid loading system showed a faster hydrate growth rate when compared
to the 90% case. The higher growth rate for the 70% liquid loading could be due to the higher degree of
subcooling for that particular experiment as shown in Figure 5.17. The lower growth rate for the 90% liquid
loading case could be due to the smaller degree of subcooling or due to mass transfer limitations due to the
oil layer acting as a barrier for the transport of methane from the bulk gas phase to the liquid water phase.
A combination of these two effects could explain the slower hydrate growth rate for the 90% liquid loading
case.
5.6.2 Effect of liquid loading on transportability
Though the hydrate growth rate was not affected by the liquid loading, the effect the hydrate has on the
flow properties and transportability was different for each liquid loading. Figure 5.18 shows the normalized
pump pressure drop as a function of hydrate volume fraction for a high water cut (80%) system. It can
be seen that as the liquid loading increased, the hydrate volume fraction at which the pump pressure drop
showed fluctuations (φplugging onset) increased for the same set of conditions.
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Figure 5.14: Effect of liquid loading on the hydrate growth rate (experimental conditions: 80% WC, 5.5
ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.15: Temperature profiles at different liquid loadings for the first twenty five minutes after hydrate
onset (experimental conditions: 80% WC, 5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.16: Effect of liquid loading on the hydrate growth rate (experimental conditions: 65% WC, 2.3
ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.17: Temperature profiles at different liquid loadings for the first twenty five minutes after hydrate
onset (experimental conditions: 65% WC, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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For example, when there was 8% hydrates, in the system with 50% liquid loading, moving beds of
hydrates was observed whereas for systems with higher liquid loading (70% and 90%), the hydrates were
homogeneously dispersed. When there was around 16% hydrates in the system, for a 50% liquid loading
system, complete settling of hydrates was observed with only oil/gas flowing. Whereas for systems with higher
liquid loading (70% and 90%), moving beds of hydrates were observed. As the liquid loading increased, the
energy associated with the system probably increased thereby increasing the hydrate handling capability.
This analysis at different liquid loading showed that the transportability of hydrates was strongly affected by
liquid loading. For the same hydrate fraction, different systems behaved differently and the flow assurance
solution should not be based solely on the amount of hydrates present in the system.
Figure 5.19 shows the values for the φplugging onset at different liquid loadings at a mixture velocity of
2.3 ft/sec. It can be seen from this figure that when the liquid loading increased from 50% to 70%, the
plugging/bedding onset hydrate volume increased by at least 35% even when the mixture velocity was very
low. It can also be seen from the figure that when the liquid loading increased from 50% to 90%, the
φplugging onset increased by almost a factor of two even at low mixture velocity.
Figure 5.20 shows the normalized pump pressure drop as a function of hydrate volume fraction for a 65%
water cut system. It can be seen that as the liquid loading increased, the hydrate volume fraction at which
the pump pressure drop showed fluctuations (φplugging onset) increased for the same set of conditions even
for lower water cut systems. In these experiments, the pump pressure drop showed fluctuations when there
were 7% hydrates in the system for a 70% liquid loading system whereas the higher liquid loading system
plugged when there were about 10% hydrates in the system.
Figure 5.21 shows the values for the φplugging onset at different liquid loadings at a mixture velocity of
2.3 ft/sec for a 65% water cut system. It can be seen from this figure that for a when the liquid loading
increased from 50% to 70%, the plugging/bedding onset hydrate volume increased by at least 40% even when
the mixture velocity was very low.
As in the case of partially dispersed system, transportability of hydrates was affected by liquid loading for
completely dispersed systems as shown in Figure 5.22. It is seen that the transition from Region I to Region
II occurred at a higher hydrate volume fraction as the liquid loading increased. Visual observations during
the course of the experiments indicated that at higher mixture velocities, complete settling of hydrates did
not occur or at least was not apparent visually at all the liquid loading tested.
Figure 5.23 shows the values for the φplugging onset at different liquid loadings at a mixture velocity of 5.5
ft/sec. When the liquid loading increased from 50% to 70%, the φplugging onset increased by at least 55%.
When the liquid loading increased from 70% to 90%, the φplugging onset increased by at least by 25%.
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Figure 5.18: Effect of liquid loading on transportability of hydrates for partially dispersed sys-
tems(experimental conditions:80% WC, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.19: Comparison of φplugging onset for different liquid loadings (experimental conditions: 80% WC,
2.3ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
This showed that for any given mixture velocity, transportability of hydrates could be increased by
increasing the amount of liquids in the system. When there was sufficient amount of liquid present in the
system, even at lower velocities, the system was able to keep more hydrates dispersed homogeneously till the
plugging onset hydrate volume fraction was reached. Probably when small amounts of liquids were present,
there was not enough energy associated with the system to keep the hydrates dispersed and hence the system
reached plugging conditions at a lower hydrate volume fractions when compared to systems that had more
liquids present.
5.7 Effect of Mixture Velocity
5.7.1 Effect of mixture velocity on hydrate growth
Figure 5.24 shows the effect of mixture velocity on the hydrate growth rate for a 80% water cut system
at a liquid loading of 70%. It is seen that higher mixture velocity promoted a faster hydrate growth rate.
Figure 5.25 shows the temperature profiles for the first twenty five minutes after hydrate onset. It is evident
from the figure that though the 2.3 ft/sec experiment had the highest degree of subcooling, this experiment
showed the slowest growth when compared to higher mixture velocity experiments. Probably at a mixture
velocity of 2.3 ft/sec, there was not good mass and heat transfer between the phases and hence showed
a slower growth rate. For all mixture velocities, the hydrate growth slowed down once φplugging onset was
reached.
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Figure 5.20: Effect of liquid loading on transportability of hydrates for partially dispersed systems (experi-
mental conditions: 2.3 ft/sec, 65% WC, 1500 psig, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.21: Comparison of φplugging onset for different liquid loadings (experimental conditions: 65% WC,
2.3ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.26 shows the effect of mixture velocity on the hydrate growth rate for a 65% water cut system
at a liquid loading of 70% , Figure 5.27(a) shows the same for a 80% water cut system at a liquid loading
of 50% and Figure 5.27(b) shows the same for a 80% water cut system at a liquid loading of 90%. It can be
seen that the higher mixture velocity promoted a faster growth rate in all cases. At higher mixture velocity,
there was good mass and heat transfer between the phases thereby quickly making the gas phase available
to the water phase, hence promoting faster growth. For all the cases, the hydrate growth slowed down once
φplugging onset was reached.
5.7.2 Effect of mixture velocity on hydrate transportability
Figure 5.28 shows the pump pressure drop as a function of hydrate volume fraction for two different
mixture velocities for a higher water cut (80%) system, higher liquid loading (70%) system. At this liquid
loading, the lower velocity system showed plugging when the pump pressure drop reached a value that was
about twenty times larger than the pressure drop value before hydrate formation and the higher velocity
system showed plugging when the pump pressure drop reached a value that was about seven times larger
than the pressure drop value before hydrate formation. It was observed that under similar conditions
φplugging onset increased to a higher value when the mixture velocity was increased. This showed that the
hydrate transportability was enhanced at a higher mixture velocity at medium liquid loading (70%).
Figure 5.29 shows the values for the φplugging onset at different mixture velocities for a 80% water cut,
70% liquid loading system. It can be seen that there was a 30% increase in the plugging/bedding onset
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Figure 5.22: Effect of liquid loading on transportability of hydrates for completely dispersed sys-
tems(experimental conditions: 80% WC, 5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.23: Comparison of φplugging onset for different liquid loadings (experimental conditions: 80% WC,
5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.24: Effect of Mixture Velocity (2.3 and 5.5 ft/sec) on the amount of hydrates formed (experimental
conditions: 80% WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.25: Temperature profiles at different mixture velocities for the first twenty five minutes after hydrate
onset (experimental conditions: 80% WC, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.26: Effect of Mixture Velocity (2.3 and 5.5 ft/sec) on the amount of hydrates formed (experimental
conditions: 65% WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T ).
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(a) 50% LL (b) 90% LL
Figure 5.27: Effect of Mixture Velocity (2.3 and 5.5 ft/sec) on the amount of hydrates formed (experimental
conditions: 80% WC, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
hydrate volume fraction when the mixture velocity was increased by more than 100% . It was observed that,
under similar conditions, the hydrate transportability was enhanced at a higher mixture velocity when there
were sufficient amount of liquids present in the system.
Figure 5.30 shows the normalized pump pressure drop as a function of hydrate volume fraction for a 65%
water cut, 70% liquid loading system at different velocities. It is to be noted that for this particular water
cut, settling of the hydrates was not evident at lower mixture velocity. The anomalous behavior at this water
cut could probably be attributed to the water cut being very close to the inversion point.
Figure 5.31 shows the values for the φplugging onset at different mixture velocities for a 65% water cut
system at 70% liquid loading. It can be seen that with doubling the mixture velocity, the φplugging onset
increased by 28% when the water cut was close to inversion point.
Figure 5.32 shows the pump pressure drop as a function of hydrate volume fraction for two different
mixture velocities for a high water cut (80%), high liquid loading (90%) system. At this liquid loading, the
lower velocity system showed plugging when the pump pressure drop reached a value that was about twenty
five times larger than the pressure drop value before hydrate formation and the higher velocity system showed
plugging when the pump pressure drop reached a value that was about seven times larger than the pressure
drop value before hydrate formation. It was observed that under similar conditions φplugging onset increased
to a higher value when the mixture velocity was increased. This showed that the hydrate transportability
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Figure 5.28: Effect of mixture velocity (2.3 and 5.5 ft/sec) on transportability of hydrates (experimental
conditions: 1500 psia, 80% WC, 3.5 wt.% salt, 70%LL).
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Figure 5.29: Comparison of φplugging onset for different mixture velocities (experimental conditions: 80%
WC, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
was enhanced at a higher mixture velocity at high liquid loading (90%).
Figure 5.33 shows the values for the φplugging onset at different mixture velocities for a 80% water cut,
90% liquid loading system. It can be seen that the φplugging onset increased from 14% to 16% when the
mixture velocity was increased by more than 100%.
Figure 5.34 shows the values for the φplugging onset at different mixture velocities for a 50% liquid loading
system. However this figure looks different when compared to Figure 5.33. Figure 5.34 shows that for an
increase in velocity by more than 100%, the increase in the plugging/bedding onset hydrate volume fraction
was only 14%.
It can be seen from Figure 5.33 that the increase in mixture velocity corresponded to an appreciable
increase in the plugging onset hydrate volume fraction. This suggested that when there was not enough
amounts of liquids present in the system, increase in the mixture velocity would probably not aid in trans-
portability. This suggested that the amount of liquids present in the system was a key parameter with
respect to transportability.
5.8 Effect of Water Cut
5.8.1 Effect of water cut on growth
The hydrate volume fraction is plotted as a function of time in Figure 5.35 for a 70% liquid loading
system at low mixture velocity (2.3 ft/sec). It is observed from the figure that at both the water cuts, the
hydrate growth rates were similar. Similar degree of subcooling existed in both the experiments. That was
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Figure 5.30: Effect of mixture velocity (2.3 and 5.5 ft/sec) on transportability of hydrates (experimental
conditions: 65% WC, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.31: Comparison of φplugging onset for different mixture velocities (experimental conditions: 65%
WC, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
probably the reason for similar growth rates at different water cuts. Hydrate growth rate was not affected
by water cut at low mixture velocity.
Figure 5.36 shows the hydrate volume fraction as a function of time for a 70% liquid loading system at
high mixture velocity (5.5 ft/sec). It is observed from the figure that at both the water cuts, the hydrate
growth rates were similar. Hydrate growth rate was not affected by water cut at high mixture velocity.
5.8.2 Effect of water cut on transportability
Figure 5.37 shows the normalized pump pressure drop as a function of hydrate volume fraction at two
different water cuts for a 70% liquid loading system at a mixture velocity of 2.3 ft/sec. It is seen from the
figure that the 80% water cut system showed plugging conditions when the pump pressure drop attained
a value that was twenty seven times larger than its value prior to hydrate formation. The 65% water cut
system showed plugging tendency when the pump pressure drop attained a value that was ten times larger
than its value prior to hydrate formation.
Figure 5.38 shows the values for the φplugging onset at different water cuts for a 70% liquid loading system
at a mixture velocity of 2.3 ft/sec. It can be seen that there was a 35% increase in the plugging/bedding
onset hydrate volume fraction when the water cut was increased by about 20% .
Figure 5.39 shows the normalized pump pressure drop as a function of hydrate volume fraction at two
different water cuts for a 70% liquid loading system at a mixture velocity of 5.5 ft/sec. It is seen from the
figure that the 80% water cut system showed plugging conditions when the pump pressure drop attained a
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Figure 5.32: Effect of mixture velocity (2.3 and 5.5 ft/sec) on transportability of hydrates (experimental
conditions: 80% WC, 90% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.33: Comparison of φplugging onset for different mixture velocities (experimental conditions: 80%
WC, 90% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.34: Comparison of φplugging onset for different mixture velocities (experimental conditions: 80%
WC, 50% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.35: Effect of water cut (65 and 80 % WC) on amount of hydrates formed (experimental conditions:
2.3 ft/sec, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
value that was about six times larger than its value prior to hydrate formation. The 65% water cut system
showed plugging tendency when the pump pressure drop attained a value that was four times larger than
its value prior to hydrate formation.
Figure 5.40 shows the values for the φplugging onset at different water cuts for a 70% liquid loading system
at a mixture velocity of 5.5 ft/sec. It can be seen that there was a 38% increase in the plugging/bedding
onset hydrate volume fraction when the water cut was increased by about 20% .
5.9 Effect of Pressure
5.9.1 Effect of Pressure on hydrate growth
Figure 5.41 shows the amount of hydrates formed as a function of time for the same system at two different
pressures (1000 and 1500 psia). It is seen that the hydrate growth was faster at 1500 psia when compared
to 1000 psia. This could be explained using Figure 5.42 which shows the fluid and equilibrium temperature
for the same experiments. It is seen that for the 1500 psia experiment, there was 11 ➸F degree of subcooling
as opposed to 9➸F subcooling for the 1000 psia experiment initially. This led to a faster hydrate growth in
the 1500 psia system initially. However in both the systems, the hydrate growth reduced drastically once
φplugging onset was reached.
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Figure 5.36: Effect of water cut (65 and 80 % WC) on amount of hydrates formed (experimental conditions:
5.5 ft/sec, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
5.9.2 Effect of Pressure on hydrate transportability
Figure 5.43 shows the pump pressure drop profiles for the same system at two different pressures (1000
and 1500 psia). It can be seen from the figure that the pressure drop profiles were different for the two
pressures. For the 1500 psia system, the increase in pump pressure drop due to hydrate formation and
growth was much more drastic when compared to the 100 psia. It was observed that the pump pressure
drop increased twenty eight fold (from its value before hydrate onset) for the 1500 psia system whereas the
increase was about seven fold for the system at 1000 psia. However it is to be noted that the flow regime
before hydrate formation was different for both the systems. As expected, since the 1000 psia experiment was
in slug flow regime before hydrate formation, moving beds of hydrates were observed beyond φplugging onset
whereas for the 1500 psia system which was in stratified flow regime before hydrate formation, hydrates
eventually settled on the pipe walls with only oil/gas circulating in the flowloop.
Figure 5.44 shows the normalized pump pressure drop as a function of hydrate volume fraction for the
same systems at two different pressures. It can be seen from the figure that hydrates affect the flow differently
in these systems. For example, having 8% hydrates in low pressure system had already put the system under
plugging conditions whereas the hydrates were still transportable at higher pressure though the increase in
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Figure 5.37: Effect of water cut (65 and 80 % WC) on the pump ΔP during hydrate formation (experimental
conditions: 2.3 ft/sec, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.38: Comparison of φplugging onset for different water cuts (experimental conditions: 2.3 ft/sec, 70%
LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
pump pressure drop was more drastic for the higher pressure (1500 psia) case. The transition from region I
to II was observed to be at a higher hydrate concentration at 1500 psia.
These experiments showed that the hydrate plugging phenomena was different in these two systems and
the effect the hydrates had on the system was different in these experiments. The one major difference in
these two systems was the system pressure which in turn affected the flow regime prior to hydrate formation.
This suggested that the hydrate impact was different for different flow regimes.
5.10 Effect of Salt
5.10.1 Effect of Salt on Hydrate Growth
Figure 5.45 shows the amount of hydrates formed for the same system at two different salt concentrations.
It is evident from the figure that the change in salt concentration did not affect the hydrate growth rate for
these systems. Since salt is a known thermodynamic hydrate inhibitor (Sloan 1998), it could be expected
that the hydrate growth rate would not be affected by the presence of salt. However it is to be noted
that more hydrates were formed at a lower salt concentration. The salt concentration increases as water is
converted to hydrate leading to a decrease in the hydrate equilibrium temperature leading to self inhibition.
This could probably explain the lower amount of hydrates formed at 7 wt.% salt.
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Figure 5.39: Effect of water cut (65 and 80 % WC) on the pump ΔP during hydrate formation (experimental
conditions: 5.5 ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.40: Comparison of φplugging onset for different water cuts (experimental conditions: 5.5 ft/sec, 70%
LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.41: Effect of Pressure (1000 and 1500 psia) on the amount of hydrates formed (experimental
conditions: 80% WC, 2.3 ft/sec, 70%LL, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.42: Temperature profiles for different experimental pressures (1000 and 1500 psia) (experimental
conditions: 80% WC, 2.3 ft/sec, 70%LL, 3.5 wt.% salt, Mineral Oil 350T).
Figure 5.43: Effect of pressure (1000 and 1500 psia) on the pump pressure drop (experimental conditions:
80% WC, 2.3 ft/sec, 70%LL, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.44: Effect of pressure (1000 and 1500 psia) on the transportability of hydrates (experimental
conditions: 80% WC, 2.3 ft/sec, 70%LL, 3.5 wt.% salt, Mineral Oil 350T).
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Figure 5.45: Effect of salt (3.5 and 7 wt%) on the amount of hydrates formed (experimental conditions: 80%
WC, 2.3 ft/sec, 70%LL, 1500 psia, Mineral Oil 350T).
5.10.2 Effect of Salt on Hydrate Transportability
Figure 5.46 shows the normalized pump pressure drop as a function of hydrate volume fraction. It
is shown that the pump pressure drop profiles were similar in both the cases. However the lower salt
concentration experiment showed a higher φplugging onset . This suggested that the hydrate particle-particle
interaction was affected by the presence of salt, like that for oil dominated systems (Rensing, 2007, 2010).
The presence of a liquid capillary bridge between the hydrate particles could explain this behavior. At higher
salt concentrations, the hydrates tend to be more sticky, hence they tend to plug at lower hydrate volume
fractions.
5.11 Effect of Dye
Figure 5.47 shows the effect of addition of red dye to the oil phase on the hydrate growth rate. It
was observed that the addition of dye did not affect the hydrate growth rate. Hence the usage of dye was
continued throughout the experiments.
5.12 Discussion on Experiments with Mineral Oil 350T
Figure 5.48 shows the normalized pump pressure drop as a function of hydrate volume fraction for the
three different scenarios envisioned in the oil pipeline. The oil continuous systems (water droplets dispersed
in oil continuous phase) are encountered during the early life of a oil field. The water continuous systems (oil
droplets dispersed in the continuous water phase) are encountered due to aging of the field. The partially
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Figure 5.46: Effect of salt (3.5 and 7 wt%) on the transportability of hydrates (experimental conditions:
80% WC, 2.3 ft/sec, 70%LL, 1500 psia, Mineral Oil 350T).
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Figure 5.47: Effect of addition of red dye on the amount of hydrates formed (experimental conditions: 80%
WC, 2.3 ft/sec, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
dispersed systems could be encountered anytime during the life of the well arising especially due to operational
practices.
From the figure it is evident that high water cut systems in general showed a higher pressure drop for
the same amount of hydrates when compared to oil continuous systems. For a 10% hydrate volume fraction,
the pressure drop increase was at least threefold greater for the water continuous system in comparison with
the oil continuous system. The hydrates seemed to have a much drastic catastrophic effect in systems that
were partially dispersed. The pressure drop increase was at least twenty fold in this case.
It is evident from this figure that the hydrate plugging phenomena is different for each of these systems.
This also strongly suggests that the effect the hydrates had on different systems (water continuous, oil
continuous and partially dispersed) with respect to pressure drop and flow characteristics was very different
and maybe the increase in relative viscosity due to the presence of solids in the fluids may not be the only
necessary or sufficient criteria to determine plugging characteristics.
Figure 5.49 shows the effect of hydrates on flow characteristics in two different flow regimes. Figure 5.49(a)
shows the calculated values for the liquid and gas superficial velocities in conjunction with the pump pressure
drop for a partially dispersed system. Figure 5.49(b) shows the same for a completely dispersed system.
It can be seen from Figure 5.49(a) that when settling of hydrates occurred, the liquid superficial decreased
to a lower value and the gas superficial velocity increased to a higher value in comparison to their values
prior to hydrate onset. This could happen only in the following two scenarios:
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Figure 5.48: Effect of addition of red dye on the amount of hydrates formed (experimental conditions: 80%
WC, 2.3 ft/sec, 70%LL 1500 psia, Mineral Oil 350T).
1. The liquid phase became heavily viscous thereby reducing the superficial velocity of liquid.
2. The liquid phase settled down thereby decreasing the liquid flow rate which corresponded to decrease
in the liquid superficial velocity. This in turn reduced the effective area for flow which corresponded
to an increase in the gas superficial velocity.
However scenario 1 was probably not feasible as the amount of hydrates present was not high enough to
cause such an increase in viscosity of the liquid phase and also since this does not explain the increase in gas
superficial velocity. Scenario 2 was the more feasible of the two. Scenario 2 was also supported by the flat
pump pressure drop profiles observed towards the end of the experiment.
Figure 5.49(b) shows that there was no major change in the liquid and gas superficial velocities in
comparison with their values prior to hydrate formation. This probably could be because there was no
settling of the hydrate carrying liquid phase in these systems. This was also supported by the pump pressure
drop profiles that did not indicate settling of the phases at higher velocity.
It could be hypothesized that in systems where the flow regime was stratified before hydrate formation,
hydrate event led to eventual settling of hydrates upon hydrate formation. However when the systems were
in the slug flow regime before hydrate formation, hydrate event led to heterogeneous flow (moving beds)
of hydrates for the experimental time at medium (70%) and low (50%) liquid loading. However no such
analysis could be performed on the high liquid loading (90%) case. This was probably due to insufficient
experimentation time. Also since the focus of this thesis is high water cut systems, no such analysis was
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made on the experiments where the water cut was lower than the inversion point.
5.12.1 Estimation of the thickness of the hydrate deposit
The thickness of the settled hydrate containing liquid phase could be estimated using the gamma ray
densitometer data following the procedure described below:
Calculate the liquid superficial velocity before hydrate onset and after settling of hydrates as described
in Section 5.2.





where, Q is the volumetric flow rate in m3/s and A is the cross sectional area in m2.








where, VSL before hydrate is the liquid superficial velocity before hydrate onset in m/s, VSLafter settling is the
liquid superficial velocity after hydrate settling in m/s, Abefore hydrate is the pipe cross sectional area in m
2
calculated from original pipe diameter and Aafter settling is the reduced pipe cross sectional area in m
2(the
only unknown).










The estimated thickness of the deposit is shown in Table 5.3. It was observed that the lower liquid case
(experiment 15, 50% LL) had the thickest deposit when compared to other experiments.






















3 70 80 2.3 1.76 Stratified 1.4
9 50 80 2.3 1.46 Stratified 0.71
15 50 80 2.3 1.25 Stratified 2.2
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(a) 2.3 ft/sec (Partially dispersed system, stratified flow)
(b) 5.5 ft/sec (Completely dispersed system, slug flow)
Figure 5.49: Effect of hydrates on flow characteristics (experimental conditions: 80%WC, 70%LL, 1500 psia,
3.5 wt.% salt, Mineral Oil 350T).
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5.13 Summary
This chapter summarizes the experimental results of the hydrate formation and plugging in Mineral oil
350T/water/natural gas systems. It was found that the degree of sub cooling required for the hydrates
to form decreased with increase of liquid loading for stratified flow regime systems. It was found that the
partially dispersed system did not behave like either the oil continuous or the water continuous systems.
These systems were more catastrophic for flow assurance. For the same amount of hydrates, the partially
dispersed system showed a much larger pressure drop when compared to oil continuous or water continuous
systems. It was found that the hydrate onset event creates destabilization of the flow which led to water being
dropped out of the dispersion. It was found that for these systems, the hydrate growth was not affected by
liquid loading. However, the transportability of hydrates strongly depended on the amount of liquid present
in the system. For a low liquid loading system, the increase in mixture velocity did not increase the plugging
hydrate volume fraction. However, at higher liquid loading, an increase in mixture velocity increased the
amount of hydrates at which the system plugged by a significant amount. The hydrates formed rapidly at
a higher mixture velocity at all liquid loadings and water cuts. It was also found that high salinity systems
showed lower transportability of hydrates. When the systems were in stratified flow regime before hydrate
formation, hydrate formation led to settling of the formed hydrates eventually. When the systems were in
slug flow regime before hydrate event, moving beds of hydrates were observed throughout the experimental
duration after the hydrate volume fraction exceeded φplugging onset .
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CHAPTER 6
EXPERIMENTAL RESULTS OF MINERAL OIL 70FG
Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes
Prithvi Vijayamohan1,2 , Carolyn A. Koh3 , Michael Volk4 , Emmanuel Delle-Case4, Amadeu K. Sum3,5
Mineral Oil 70 FG was chosen as the second fluid to test the hydrate formation/plugging hypothesis
in partially dispersed and water continuous systems and also to study the effect of oil properties on the
transportability of hydrates. It was imperative to conduct experimental investigation using a different oil
phase in order to rule out the possibility that the observed hydrate plugging phenomena was unique to
Mineral Oil 350T. A total of six experiments were carried out in the University of Tulsa hydrate flowloop
using Mineral Oil 70FG. The purpose of this chapter is to provide details regarding these experiments.
Experimental results and analysis including the effect of various factors like liquid loading, water cut and
mixture velocity on the hydrate formation and plugging tendency are discussed in this chapter.
6.1 Experimental Matrix
Mineral Oil 70FG is a clear oil that has very limited water dispersion capabilities under shear. Because it
is transparent, it gave better visual observation of the phenomena occurring inside the flow loop. This oil has
water dispersion capabilities very similar to that of Mineral Oil 350T under similar shear and has a density
very similar to that of Mineral Oil 350T. Using this oil for the flow loop experiments enabled to study the
effect of the oil properties on the transportability of hydrates. Since this oil had density very similar to that
of Mineral Oil 350T, the effect the viscosity of the oil phase had on the transportability of hydrates could
be investigated.
Six experiments were performed with varying liquid loading, water cut and mixture velocities. All
the experiments were constant pressure experiments with the utilization of a red oil soluble dye for easier
observation. Even in these systems, a mixture velocity of 2.3 ft/sec corresponded to partially dispersed
systems and a mixture velocity of 5.5 ft/sec led to completely dispersed systems. A list of all the experiments
performed are given below in Table 6.1.
1Primary researcher and author
2Graduate student, Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO, USA
3Professor, Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO, USA
4Professor, Petroleum Engineering Department, University of Tulsa, Tulsa, OK, USA
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1 70 80 2.3 1500 3.5 Partial
Dispersion
2 70 80 5.5 1500 3.5 Complete
Dispersion
3 50 80 2.3 1500 3.5 Partial
Dispersion
4 50 80 5.5 1500 3.5 Complete
Dispersion
5 70 65 2.3 1500 3.5 Partial
Dispersion
6 70 65 7.2 1500 3.5 Complete
Dispersion
6.2 Flow Regime prior to Hydrate Onset
As in the case of the Mineral oil 350T, the flow regime for each experiment before starting the cooling
phase was deduced from the pressure drop data across the straight sections of the pipe (PDR5 and PDR6).
The data from the gamma ray densitometer was used to determine the superficial liquid and gas velocities.
These values were used to obtain the flow regimes from literature. This was compared with the experimental
flow regimes deduced from the pressure drop data.
Figure 6.1 shows the pressure drop measured (PDR5 and PDR6) in the two straight sections of the flow
loop for the higher liquid loading (70%), higher water cut (80%) experiment for a period of 10 minutes
before cooling was initiated. Figure 6.1(a) shows the pressure drop profile for a partially dispersed system
at a velocity of 2.3 ft/sec. It can be seen from the figure that the pressure drop profiles were very similar
and relatively smooth with no major fluctuations in both the sections of the flow loop. This pressure drop
profile is characteristic of a stratified flow present in the flow loop. Figure 6.1(b) shows the pressure drop
profiles for the same system at a higher mixture velocity (5.5 ft/sec). This figure shows fluctuations in the
pressure drop profiles which is different when compared to Figure 6.1(a). It was observed that when the
pressure drop increased in once section of the flow loop, the other straight section showed a decrease in the
pressure drop at the same time. Also in the same section of the flow loop, the pressure drop profiles showed
alternating high and low values. This fluctuating pressure drop profile is characteristic of a slug flow present
in the flow loop. When a slug of liquid passed in a particular section of the flow loop, the pressure drop of
that particular section showed a higher value. Similarly, when a gas pocket passed in a particular section of
the flow loop, the pressure drop of that particular section showed a lower value.
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Analyzing the pressure drop profiles for both the sections in the flow loop showed that the flow was in
stratified flow regime at a mixture velocity of 2.3 ft/sec and slug flow regime at 5.5 ft/sec at a 70% liquid
loading and 80% water cut for Mineral Oil 70FG systems. The flow regime observations were also confirmed
visually by observing the flow through the view ports.
(a) Stratified flow (2.3 ft/sec) (b) Slug flow (5.5 ft/sec)
Figure 6.1: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 80% WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
Figure 6.3 shows the pressure drop profiles measured across the straight sections of the flow loop (PDR
5 and PDR 6) for a lower liquid loading experiment (50%) at a high water cut (80%) for a period of 10
minutes before cooling was initiated. Figure 6.2(a) shows the pressure drop values for a mixture velocity of
2.3 ft/sec and Figure 6.3(b) shows the same for a mixture velocity of 5.5 ft/sec. As in the case of higher
liquid loading,the system was in stratified flow regime at 2.3 ft/sec and in a slug flow regime at 5.5 ft/sec.
Figure 6.3 shows the pressure drop profiles measured across the straight sections of the flow loop (PDR 5
and PDR 6) for a lower water cut experiment (65%) for a period of 10 minutes before cooling was initiated.
Figure 6.3(a) shows the pressure drop values for a mixture velocity of 2.3 ft/sec and Figure 6.3(b) shows the
same for a mixture velocity of 7.2 ft/sec. The lower water cut system showed similar behavior like the 80%
WC system with the system being in stratified flow regime at lower (2.3 ft/sec) velocity and in slug flow
regime at high velocity (7.2 ft/sec).
Table 6.2 shows the experimental flow regime deduced using the densitometer data compared with the
flow regime obtained from literature (Açikgöz et al., 1992; Al-Hadhrami et al., 2014; Oddie et al., 2003) for
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(a) Stratified flow (2.3 ft/sec) (b) Slug flow (5.5 ft/sec)
Figure 6.2: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 80% WC, 50%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
(a) Stratified flow (2.3 ft/sec) (b) Stratified flow (7.2 ft/sec)
Figure 6.3: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 65% WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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similar systems. As it can be seen from the table, the experimentally obtained/deduced flow regimes are
accurate when compared with the flow regimes obtained from literature. Detailed flow regime descriptions
can be found in Chapter 2.


























1 70 80 2.3 1.62 0.68 Stratified Stratified
wavy
2 70 80 5.5 3.90 1.60 Slug Slug
3 50 80 2.3 1.16 1.14 Stratified Stratified
wavy
4 50 80 5.5 3.00 2.50 Slug Slug
5 70 65 2.3 1.66 0.65 Stratified Stratified
wavy
6 70 65 7.2 5.20 2.0 Slug Slug
6.3 Typical Experimental Run
As discussed in the previous chapter, the fluids inside the flow loop were cooled down below the hydrate
equilibrium temperature in order to form hydrates. In all the experiments, the hydrate formation onset
occurred when the fluid temperature was a few degrees below the hydrate equilibrium temperature. In
all the experiments, the fluid temperature increased upon hydrate onset for five to ten minutes and began
decreasing again. In all the experiments, the fluids never attained the set temperature of 40 ➸F.
It is to be noted that, though in some cases, the same charge was used for a subsequent experiment, the
memory effect was not expected as the fluids were heated to 120 ➸F after dissociation for at least an hour
before starting the next hydrate formation experiment.
Figure 6.4 shows the amount of hydrates, fluid temperature and pump pressure drop as a function of
time. The hydrate onset was recognized by a sharp increase in pump pressure drop. The pump pressure
drop and the hydrate amount traces could be divided into two distinct regions. Region I where the hydrate
growth was fast and the pressure drop showed a smooth increase. In this region, homogeneous distribution
of the hydrate particles was observed both radially and axially along the flow loop. The pump showed
fluctuations once the hydrate volume fraction exceeded φplugging onset. This was characterized as Region II.
In Region II, heterogeneous flow of hydrate particles was observed. This was due to moving beds of hydrates
in the system. Depending on flow conditions either settling of hydrates occurred eventually or moving beds
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of hydrates were observed till the end of experiment.
Figure 6.4: Typical pump pressure drop, temperature and amount of hydrates formed throughout an exper-
iment (experimental conditions: 80% WC, 70%LL, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.4 Hydrate Onset
Figure 6.5 shows the effect of mixture velocity on the sub cooling for hydrate onset. The hydrate formation
onset sub cooling varied within a range of 7 to 11 ➸F. At a mixture velocity of 2.3 ft/sec, the systems were
in the stratified flow regime at all liquid loadings and water cuts. At a velocity of 5.5 and 7.2 ft/sec, the
system was in the slug flow region for all liquid loadings and water cuts. Since the flow pattern was not the
same across the systems, no clear trend was observed on the hydrate onset as a function of mixture velocity.
6.4.1 Hydrate onset in stratified flow
Figure 6.6 shows the effect of liquid loading on the hydrate onset temperature for stratified flow conditions
at same mixture velocity and different water cuts. Hydrate onset occurred when the sub cooling was 10 ➸F
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Figure 6.5: Effect of mixture velocity (2.3, 5.5 and 7.2 ft/sec) on the subcooling at the onset of hydrate
formation (experimental conditions: 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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in the 50% liquid loading system and at a sub cooling of around 8 ➸F when the liquid loading was 70%. It
was found that the degree of sub cooling required for the hydrates to form decreased with an increase of
liquid loading. This meant that the hydrates formed more readily in systems where there was more liquid
phase present when compared to systems where there was more gas phase present.
Figure 6.6: Effect of liquid loading (50 and 70%) on the sub cooling at the onset of hydrate formation
(experimental conditions: 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.4.2 Hydrate onset in slug flow
Figure 6.7 shows the effect of liquid loading on the hydrate onset temperature for slug flow conditions.
Hydrate onset occurred when the sub cooling was 6.1 ➸F in the 50% liquid loading system and at a sub
cooling of around 8 ➸F when the liquid loading was 70%. It was found that when the systems were in
slug flow regime, the amount of subcooling required for hydrates to form was lower for lower liquid loading
systems. A higher degree of subcooling was required when there was more amount of liquid phase present in
the flowloop for hydrate onset to occur. This meant that the hydrates formed more readily in systems where
there was more gas phase present when compared to systems where there was more liquid phase present.
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Figure 6.7: Effect of liquid loading (50 and 70%) on the sub cooling at the onset of hydrate formation
(experimental conditions: 5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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6.5 Destabilization of Flow Upon Onset
Figure 6.8 shows the snapshots of the videos that were recorded from the bottom view port before, at and
after the hydrate onset occurred. It is evident from the images that before the hydrate onset (Figure 6.8(a))
there was homogeneous dispersion of the phases (as this was a completely dispersed experiment). At the time
of the onset (Figure 6.8(b)), it was observed that a clear transparent layer was present in the bottom section
of the flow loop. This was a result of the destabilization of the oil-water dispersion at the onset leading
to the breaking of the dispersion and the water dropping out. After a few minutes after the hydrate onset
occurred, redispersion of the phases occurred as shown in Figure 6.8(c). No free water phase was observed.
A homogeneous liquid phase carrying hydrate particles was observed. Similar destabilization phenomena at
hydrate onset was seen in all the experiments.
(a) Before Onset (b) At Onset (c) After Onset
Figure 6.8: Destabilization of the fluids at hydrate onset (experimental conditions: 80% WC, 5.5 ft/sec,
70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.6 Effect of Liquid Loading
Figure 6.9 shows the hydrate volume fraction and pump pressure drop as a function of time for two
different liquid loadings for partially dispersed systems. It is evident from the figure that the hydrate growth
and the pressure drop profiles for medium (70%) liquid loading and low (50%) liquid loading were very
similar. During the 50% liquid loading experiment, the gas addition valve was sticky which led to a step
wise gas addition that resulted in a step wise increase in hydrate amount. However, the effect the hydrates
had on the fluid system was same though the hydrate growth curve looked different in the case of 50% liquid
loading experiment. At both liquid loadings, as soon as the hydrate onset occurred, the pump pressure drop
increased rapidly. When a certain amount of hydrates were present in the system, the pump pressure drop
showed fluctuations and moving beds of hydrates were observed. Eventually the hydrates settled on the pipe
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walls with only the oil and gas phases flowing at both liquid loadings.
However, it is to be noted that when the liquid loading was 70%, the system was able to keep the hydrates
flowing for about 45 minutes after the onset whereas when the liquid loading was 50%, hydrates settled down
completely about 20 minutes after the onset with only oil/gas circulating around in the flowloop. Hence
the pressure drop remained constant and showed no fluctuations. This settling of hydrates with only oil/gas
flowing was confirmed by both visual observations and density data. This showed that high water cut systems
that had lesser amounts of liquids were more susceptible to hydrate settling under stratified flow conditions.
(a) 50% LL (b) 70% LL
Figure 6.9: Effect of liquid loading on the pump ΔP and hydrate volume fraction (experimental conditions:
80% WC, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
Figure 6.10 shows the hydrate volume fraction and pump pressure drop as a function of time for two
different liquid loadings at a higher mixture velocity (5.5 ft/sec). It is evident from the figure that the
hydrate growth and the pressure drop profiles for medium (70%) liquid loading and low (50%) liquid loading
were very similar even at higher mixture velocity. In the 50% liquid loading experiment, the hydrate growth
rate follows a step wise pattern due to experimental limitation as mentioned before.
As in the case of Mineral Oil 350T, as soon as the hydrate onset occurred, the pump pressure drop
increased rapidly. When a certain hydrate amount was reached in the system, the pump pressure drop
showed fluctuations and moving beds of hydrates were observed. As in the case of Mineral Oil 350T,
hydrates growth occurred at a faster rate at higher mixture velocity and hence the pressure drop increased
rapidly. At both liquid loadings, visual observations and density data did not confirm settling of hydrates at
high mixture velocity. Only moving beds of hydrates were observed. These experiments showed that when
the systems were in slug flow regime before hydrate formation, hydrate plugging phenomena would probably
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be due to moving beds of hydrates rather than settling of hydrates on the pipe walls as observed in stratified
flow.
(a) 50% LL (b) 70% LL
Figure 6.10: Effect of liquid loading on the pump ΔP and hydrate volume fraction (experimental conditions:
80% WC, 5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.6.1 Effect of liquid loading on hydrate growth
Figure 6.11 shows the amount of hydrates formed as a function of time for two different liquid loadings.
The hydrate growth rate was smoothed in order to eliminate the effect caused by the sticky gas addition
valve.It is seen that the hydrate growth was slightly faster in the 50% liquid loading when compared to
the higher liquid loading (70%) experiment. The higher growth rate at 50% liquid loading was probably
due to a thinner oil layer barrier for the transport of methane from the bulk gas phase to the liquid phase
when compared to the 70% liquid loading case. It is to be noted that the 50% liquid loading experiment
had a higher degree of subcooling when compared to the 70% liquid loading case. This could be another
reason for the faster hydrate growth in 50% liquid loading experiment. The temperature traces for both the
experiments are shown in Figure 7.10.
Figure 7.10 shows the temperature of the fluids inside the flow loop for the first thirty five minutes after
hydrate onset for two liquid loadings. From the temperature traces it is evident that the hydrates formed
faster in the lower liquid loading case as the temperature increased from the hydrate onset temperature to
53➸F within fifteen minutes after the hydrate onset. It took about twenty five minutes for the higher liquid
loading system to reach the same temperature indicating a slower hydrate growth rate. It is also seen that
the 50% liquid loading had a higher driving force (degree of subcooling) when compared to the 70% liquid
loading experiment. This could probably be another reason for the faster hydrate growth rate observed in
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Figure 6.11: Effect of liquid loading on the hydrate growth rate (experimental conditions: 80% WC, 2.3
ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
the 50% liquid loading experiment.
Since the degree of subcooling was not the same at higher mixture velocity, growth rate comparison at
different liquid loading at a higher velocity (5.5 ft/sec) was not possible.
6.6.2 Effect of liquid loading on transportability
As in the case of Mineral Oil 350T, transportability of hydrates was affected by liquid loading even in
systems where Mineral Oil 70FG was used.
Figure 6.13 shows the values for the φplugging onset at different liquid loadings at a mixture velocity of 2.3
ft/sec. It can be seen from this figure that for a 40% increase in liquid loading, the plugging/bedding onset
hydrate volume increased by at least 43% even when the mixture velocity was very low.
The effect of liquid loading on hydrate transportability was more pronounced at higher mixture velocity
as indicated by Figure 6.14. In case of 50% liquid loading experiment, moving beds of hydrates was ob-
served even with as little as 5-7% hydrates in the system whereas for the 70% liquid loading experiment,
homogeneous flow of hydrates was observed at the same hydrate volume fraction. In the case of the 50%
LL, analysis of the densitometer data and the combined analysis of the hydrate growth rate, pressure drop
profiles gave a range of 0.05-0.075 hydrates for the plugging/bedding onset hydrate volume fraction.
Figure 6.15 shows the values for the φplugging onset at different liquid loadings at a mixture velocity of
5.5 ft/sec.It is clear from the figure that there was at least a 55% increase in the plugging/bedding onset
hydrate volume fraction for a 40% increase in liquid loading.
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Figure 6.12: Effect of liquid loading on the fluid temperature (experimental conditions: 80%WC, 2.3 ft/sec,
1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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Figure 6.13: Comparison of φplugging onset for different liquid loadings (experimental conditions: 80% WC,
2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
This showed that for any given mixture velocity, transportability of hydrates could be increased by
increasing the amount of liquids in the system. When there was sufficient amount of liquid present in the
system, even at lower velocities, the system was able to keep more hydrates dispersed homogeneously till the
plugging onset hydrate volume fraction was reached. Probably when small amounts of liquids were present,
there was not enough energy associated with the system to keep the hydrates dispersed and hence the system
reached plugging conditions at a lower hydrate volume fractions when compared to systems that had more
liquids present.
6.7 Effect of Mixture Velocity
6.7.1 Effect of mixture velocity on hydrate growth
Figure 6.16 shows the effect of mixture velocity on the hydrate growth rate for a 80% water cut system
and Figure 6.17 shows the same for a 65% water cut system. It can be seen that the higher mixture velocity
promoted a faster growth rate in both the cases. At higher mixture velocity, there was good mass and heat
transfer between the phases thereby quickly making the gas phase available to the water phase, thereby
promoting faster growth. For both mixture velocities, the hydrate growth slowed down once φplugging onset
was reached.
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Figure 6.14: Effect of liquid loading on transportability of hydrates for partially dispersed systems (experi-
mental conditions: 80% WC, 5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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Figure 6.15: Comparison of φplugging onset for different liquid loadings (experimental conditions: 80% WC,
5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
Figure 6.16: Effect of mixture velocity on the hydrate growth rate (experimental conditions: 80%WC, 70%
LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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Figure 6.17: Effect of mixture velocity on the hydrate growth rate (experimental conditions: 65%WC, 70%
LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.7.2 Effect of mixture velocity on hydrate transportability
Figure 6.18 shows the pump pressure drop as a function of hydrate volume fraction for two different
mixture velocities for a higher water cut (80%) system, higher liquid loading (70%) system. At this liquid
loading, the lower velocity system showed plugging when the pump pressure drop reached a value that was
about twenty five times larger than the pressure drop value before hydrate formation and the higher velocity
system showed plugging when the pump pressure drop reached a value that was about five times larger
than the pressure drop value before hydrate formation. As in the case of Mineral Oil 350T, under similar
conditions, the hydrate transportability was enhanced at a higher mixture velocity.
Figure 6.19 shows the values for the φplugging onset at different mixture velocities for a 70% liquid loading
system. It can be seen that there was a 40% increase in the plugging/bedding onset hydrate volume fraction
when the mixture velocity was increased by more than 100%. As in the case of Mineral Oil 350T under
similar conditions, the hydrate transportability was enhanced at a higher mixture velocity when there were
sufficient amount of liquids present in the system.
Figure 6.20 shows the values for the φplugging onset at different mixture velocities for a 50% liquid loading
system. It can be seen that there was a 40% increase in the plugging/bedding onset hydrate volume fraction
when the mixture velocity was increased by more than 100% . This increase in the φplugging onset was smaller
when compared to systems when the liquid loading was 70%. This showed that the amount of liquid present
was a key parameter with respect to transportability of hydrates.
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Figure 6.18: Effect of mixture velocity (2.3, 5.5 ft/sec) on pump pressure drop during hydrate formation
(experimental conditions: 80%WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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Figure 6.19: Comparison of φplugging onset for different mixture velocities (experimental conditions: 80%
WC, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
Figure 6.20: Comparison of φplugging onset for different mixture velocities (experimental conditions: 80%
WC, 50% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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Figure 6.21 shows the normalized pump pressure drop as a function of hydrate volume fraction for two
different mixture velocities for a medium water cut (65%) system and Figure 6.22 shows the values for the
φplugging onset. However, Figure 6.22 looks different when compared to Figure 6.19. Figure 6.22 shows that
for an increase in velocity by more than 200%, the increase in the plugging/bedding onset hydrate volume
fraction was only 25%. It can be seen from Figure 6.19 that the increase in mixture velocity corresponded
to an appreciable increase in the bedding/plugging hydrate volume fraction . It is to be noted that for a
65% water cut, 70% liquid loading system, about 40 gallons of total liquid out of which 25 gallons water was
present. In case of a 80% water cut, 70% liquid loading system, about 40 gallons of total liquid out of which
31 gallons water was present. This showed that when there was not enough amounts of liquids present in
the system, increase in the mixture velocity would probably not aid in transportability.
Figure 6.21: Effect of mixture velocity (2.3, 7.2 ft/sec) on pump pressure drop during hydrate formation
(experimental conditions: 65%WC, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
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Figure 6.22: Comparison of φplugging onset for different mixture velocities (experimental conditions: 65%
WC, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.8 Effect of Water Cut
6.8.1 Effect of water cut on hydrate growth
The hydrate volume fraction is plotted as a function of time in Figure 6.23. It is observed from the figure
that at both the water cuts, the hydrate growth rates were similar. Similar degree of subcooling existed in
both the experiments. That was probably the reason for similar growth rates at different water cuts. The
hydrate growth rate was not affected by water cut.
6.8.2 Effect of water cut on transportability
Figure 6.24 shows the normalized pump pressure drop as a function of hydrate volume fraction at two
different water cuts. It is seen from the figure that the 80% water cut system showed plugging conditions
when the pump pressure drop attained a value that was twenty five times larger than its value prior to
hydrate formation. The 65% water cut system showed plugging tendency when the pump pressure drop
attained a value that was ten times larger than its value prior to hydrate formation.
Figure 6.25 shows the values for the φplugging onset at different water cuts for a 70% liquid loading system.
It can be seen that there was a 25% increase in the plugging/bedding onset hydrate volume fraction when
the water cut was increased by about 20% .
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Figure 6.23: Effect of water cut (65 and 80% WC) on amount of hydrates formed (experimental conditions:
2.3 ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.9 Discussion on Experiments with Mineral Oil 70FG
Figure 6.26 shows the effect of hydrates on flow characteristics in two different flow regimes. Figure 6.26(a)
shows the calculated values for the liquid and gas superficial velocities in conjunction with the pump pressure
drop for a partially dispersed system. Figure 6.26(b) shows the same for a completely dispersed system.
It can be seen from Figure 6.26(a) that when settling of hydrates occurred, the liquid superficial decreased
to a lower value and the gas superficial velocity increased to a higher value in comparison to their values prior
to hydrate onset. Using the same argument as in the case of Mineral Oil 350T, it could be hypothesized that
the liquid phase containing mostly of hydrates and occluded water settled on the pipe walls and therefore the
flow area was reduced. This hypothesis was also supported by the flat pump pressure drop profiles observed
towards the end of the experiment.
Figure 6.26(b) shows that there was no major change in the liquid and gas superficial velocities in
comparison with their values prior to hydrate formation. This probably could be because there was no
settling of the hydrate carrying liquid phase in these systems. This was also supported by the pump pressure
drop profiles that did not indicate settling of the phases at higher velocity.
It could be hypothesized that in systems where the flow regime was stratified before hydrate event
occurred, led to eventual settling of hydrates upon hydrate formation. However, when the systems were in
the slug flow regime before hydrate formation, hydrate event led to heterogeneous flow (moving beds) of
hydrates for the experimental time.
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Figure 6.24: Effect of water cut (65 and 80% WC) on the pump pressure drop during hydrate formation
(experimental conditions: 2.3 ft/sec, 70%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG ).
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Figure 6.25: Comparison of φplugging onset for different water cuts (experimental conditions: 2.3 ft/sec, 70%
LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 70FG).
6.9.1 Estimation of the thickness of the hydrate deposit
The thickness of the settled hydrate containing liquid phase could be estimated using the gamma ray
densitometer data. Detailed explanation regarding this can be found in Chapter 5.
It can be seen from Table 6.3 that maximum settling occurred when there was more water in the system.
A low value for thickness of the hydrate deposit for 65% water cut experiment is probably due to the water
cut being very close to the inversion point.






















1 70 80 2.3 1.62 Stratified 1.7
3 50 80 2.3 1.2 Stratified 1.5
5 70 65 2.3 1.66 Stratified 0.2
6.10 Summary
This chapter summarizes the experimental results of the hydrate formation and plugging in Mineral Oil
70FG/water/natural gas systems. It was found that the degree of sub cooling required for the hydrates to
form decreased with increase of liquid loading in stratified flow regimes and the opposite was true for slug
flow regimes. It was found that for these systems, the hydrate growth was not affected by liquid loading.
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(a) 2.3 ft/sec (Partially dispersed system, stratified flow)
(b) 5.5 ft/sec (Completely dispersed system, slug flow)
Figure 6.26: Effect of hydrates on flow characteristics (experimental conditions: 80%WC, 70%LL, 1500 psia,
3.5 wt.% salt, Mineral Oil 70FG).
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However the transportability of hydrates strongly depended on the amount of liquid present in the system.
At higher liquid loading, an increase in mixture velocity increased the amount of hydrates at which the
system plugged by a significant amount. The hydrates formed rapidly at a higher mixture velocity at both
the liquid loadings and water cuts. When the systems were in stratified flow regime before hydrate formation,
hydrate formation led to settling of the formed hydrates eventually. When the systems were in slug flow
regime before hydrate event, moving beds of hydrates were observed throughout the experimental duration
after the hydrate volume fraction exceeded φplugging onset .
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CHAPTER 7
EXPERIMENTAL RESULTS OF KEROSENE
Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes
Prithvi Vijayamohan1,2 , Carolyn A. Koh3 , Michael Volk4 , Emmanuel Delle-Case4, Amadeu K. Sum3,5
Kerosene was chosen as the third fluid and experimental work using kerosene as the oil phase was carried
out to validate the plugging phenomena in partially dispersed and water continuous systems. The purpose
of this chapter is to provide details regarding these experiments. Experimental results and analysis including
the effect of various factors like liquid loading and mixture velocity on the hydrate formation and plugging
tendency are discussed in this chapter.
7.1 Experimental Matrix
Kerosene was chosen primarily as this fluid has similar properties like a condensate system with respect
to viscosity and water dispersion capabilities. This is also a clear oil that has very limited water dispersion
capabilities under shear. Because of its transparency, it gave better visual observation of the phenomena
occurring inside the flow loop. Four experiments were performed with varying liquid loading and mixture
velocities. All the experiments were constant pressure experiments with the utilization of a red oil soluble
dye for easier observation. Even in these systems, a mixture velocity of 2.3 ft/sec corresponded to partially
dispersed systems and a mixture velocity of 5.5 ft/sec led to completely dispersed systems. A list of all the
experiments performed are given below in Table 7.1.
7.2 Flow Regime prior to Hydrate Onset
As in the case of the mineral oils, the flow regime for each experiment before starting the cooling phase
was deduced from the pump pressure drop across the straight sections of the pipe. The data from the gamma
ray densitometer was used to determine the superficial liquid and gas velocities. These values were used
to compare the flow regimes obtained from literature with the experimental flow regimes deduced from the
pressure drop data.
Figure 7.1 shows the pressure drop measured (PDR5 and PDR6) in the two straight sections of the flow
loop for the higher liquid loading (70%), higher water cut (80%) experiment for a period of 10 minutes
1Primary researcher and author
2Graduate student, Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO, USA
3Professor, Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO, USA
4Professor, Petroleum Engineering Department, University of Tulsa, Tulsa, OK, USA
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1 70 80 2.3 1500 3.5 Partial
Dispersion
2 70 80 5.5 1500 3.5 Complete
Dispersion
3 50 80 2.3 1500 3.5 Partial
Dispersion
4 50 80 5.5 1500 3.5 Complete
Dispersion
before cooling was initiated. Figure 7.1(a) shows the pressure drop profile for a partially dispersed system
at a velocity of 2.3 ft/sec. It can be seen from the figure that the pressure drop profiles are very similar
and relatively smooth with no major fluctuations in both the sections of the flow loop. This pressure drop
profile is a characteristic of a stratified flow present in the flow loop. Figure 7.1(b) shows the pressure drop
profiles for the same system at a higher mixture velocity (5.5 ft/sec). This figure shows fluctuations in the
pressure drop profiles which is different when compared to Figure 7.1(a). It was observed that when the
pressure drop increased in once section of the flow loop, the other straight section showed a decrease in the
pressure drop at the same time. Also in the same section of the flow loop, the pressure drop profiles showed
alternating high and low values. This fluctuating pressure drop profile is characteristic of a slug flow present
in the flow loop. When a slug of liquid passed in a particular section of the flow loop, the pressure drop of
that particular section showed a higher value. Similarly, when a gas pocket passed in a particular section of
the flow loop, the pressure drop of that particular section showed a lower value.
Analyzing the pressure drop profiles for both the sections in the flow loop showed that the flow was in
stratified flow regime at a mixture velocity of 2.3 ft/sec and slug flow regime at 5.5 ft/sec at a 70% liquid
loading and 80% water cut for kerosene systems. The flow regime observations were also confirmed visually
by observing the flow through the view ports.
Figure 7.2 shows the pressure drop profiles measured across the straight sections of the flow loop (PDR
5 and PDR 6) for a lower liquid loading experiment (50%) at a high water cut (80%) for a period of 10
minutes before cooling was initiated. Figure 7.2(a) shows the pressure drop values for a mixture velocity of
2.3 ft/sec and Figure 7.2(b) shows the same for a mixture velocity of 5.5 ft/sec. At a lower liquid loading, it
was observed that the system was in stratified flow regime even at higher velocity though visual observations
showed a homogeneously dispersed systems.
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(a) Stratified flow (2.3 ft/sec) (b) Slug flow (5.5 ft/sec)
Figure 7.1: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 80% WC, 70%LL, 1500 psia, 3.5 wt.% salt, Kerosene).
(a) Stratified flow (2.3 ft/sec) (b) Stratified flow (5.5 ft/sec)
Figure 7.2: Pressure drop across the straight sections of the flow loop from which flow regime can be deduced
(experimental conditions: 80% WC,1500 psia, 3.5 wt.% salt, 50%LL, Kerosene).
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Table 7.2 shows the flow regime experimental flow regime deduced using the densitometer data compared
with the flow regime obtained from literature (Açikgöz et al., 1992; Oddie et al., 2003) for similar systems.
As it can be seen from the table, the experimentally obtained/deduced flow regimes are accurate when
compared with the flow regimes obtained from literature. Detailed flow regime descriptions can be found in
Chapter 2.























1 70 80 2.3 1.6 0.7 Stratified Stratified
wavy
2 70 80 5.5 3.9 1.6 Slug Slug
3 50 80 2.3 1.2 1.1 Stratified Stratified
wavy




7.3 Typical Experimental Run
As discussed in the previous chapter, the fluids inside the flow loop were cooled down below the hydrate
equilibrium temperature in order to form hydrates. In all the experiments, the hydrate formation onset
occurred when the fluid temperature was a few degrees below the hydrate equilibrium temperature.In all the
experiments, the fluid temperature increased upon hydrate onset for five to ten minutes and began decreasing
again. In all the experiments, the fluids never attained the set temperature of 40 ➸F.
It is to be noted that, though in some cases, the same charge was used for a subsequent experiment, the
memory effect was not expected as the fluids were heated to 120 ➸F after dissociation for at least an hour
before starting the next hydrate formation experiment.
Figure 7.3 shows the amount of hydrates, fluid temperature and pump pressure drop as a function of time.
The hydrate onset was recognized by a sharp increase in temperature and pump pressure drop. The pump
pressure drop and the hydrate amount traces could be divided into two distinct regions. Region I where
the hydrate growth was fast and the pressure drop showed a smooth increase. In this region, homogeneous
distribution of the hydrate particles was observed both radially and axially along the flow loop. The pump
showed fluctuations once the hydrate volume fraction exceeded φplugging onset. This was characterized as
Region II. In Region II, heterogeneous flow of hydrate particles was observed. This was due to moving beds
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of hydrates in the system. Depending on flow conditions either settling of hydrates occurred eventually or
moving beds of hydrates were observed till the end of experiment.
Figure 7.3: Typical pump pressure drop, temperature and amount of hydrates formed throughout an exper-
iment (experimental conditions: 80% WC, 2.3 ft/sec, 70%LL, 1500 psia, 3.5 wt.% salt, Kerosene).
7.4 Hydrate Onset
(Figure 7.4) shows the effect of mixture velocity on the sub cooling for hydrate onset. The hydrate
formation onset sub cooling varied within a range of 7 to 10 ➸F. At a mixture velocity of 2.3 ft/sec, the
systems were in the stratified flow regime at all liquid loadings. At a velocity of 5.5 ft/sec, the system was
in the slug flow region for high liquid loading and in stratified flow for low liquid loading. Since the flow
pattern was not the same across the systems, no clear trend was observed on the hydrate onset as a function
of mixture velocity.
However within each flow regime, a specific trend on the sub cooling required for hydrates to form was
observed.
138
Figure 7.4: Effect of mixture velocity (2.3 and 5.5 ft/sec) on the sub cooling at the onset of hydrate formation
(experimental conditions: 80%WC, 1500 psia, 3.5 wt.% salt, Kerosene).
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7.4.1 Hydrate onset in stratified flow
Figure 7.5 shows the effect of liquid loading on the hydrate onset temperature for stratified flow conditions
at same mixture velocity. Hydrate onset occurred when the sub cooling was 8.5 ➸F in the 50% liquid loading
system and at a sub cooling of 7.8 ➸F when the liquid loading was 70%. It was found that the degree of
sub cooling required for the hydrates to form decreased with increase of liquid loading. This meant that
the hydrates formed more readily in systems where there was more liquid phase present when compared to
systems where there was more gas phase present.
Figure 7.5: Effect of liquid loading (50 and 70%) on the sub cooling at the onset of hydrate formation
(experimental conditions: 80%WC, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene).
7.4.2 Hydrate onset in slug flow
Hydrate onset at different liquid loading in slug flow regime could not be compared due to lack of
experimental data.
7.5 Destabilization of Flow Upon Onset
Figure 7.6 shows the snapshots of the videos that were recorded from the bottom view port before,
at and after the hydrate onset occurred. It is evident from the images that before the hydrate onset
(Figure 7.6(a)) there was a clear transparent layer at the bottom of the pipeline (as this was a partially
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dispersed experiment) and an oil-water dispersion layer (pinkish color) on top of the water layer. At the
time of the onset (Figure 7.6(b)), it was observed that a much thicker transparent water layer was visible.
This was a result of the destabilization of the oil-water dispersion at the onset leading to the breaking of the
dispersion and the water dropping out. After a few minutes after the hydrate onset occurred, redispersion
of the phases occurred as shown in Figure 7.6(c). No free water phase was observed. A homogeneous liquid
phase carrying hydrate particles was observed.
(a) Before Onset (b) At Onset (c) After Onset
Figure 7.6: Destabilization of the fluids at hydrate onset (experimental conditions: 80% WC, 2.3 ft/sec,
50%LL, 1500 psia, 3.5 wt.% salt, Kerosene).
7.6 Effect of Liquid Loading
Figure 7.7 shows the hydrate volume fraction and pump pressure drop as a function of time for two
different liquid loadings for partially dispersed systems. It is evident from the figure that the hydrate growth
and the pressure drop profiles for medium (70%) liquid loading and low (50%) liquid loading were very
similar. As in the case of Mineral Oil 350T and Mineral Oil 70FG, as soon as the hydrate onset occurred,
the pump pressure drop increased rapidly. When a certain hydrate amount was reached, the pump pressure
drop showed fluctuations and moving beds of hydrates were observed. Eventually the hydrates settled on
the pipe walls with only the oil and gas phases flowing at both liquid loadings. It is to be noted that when
the liquid loading was 70%, the system was able to keep the hydrates flowing for about 40 minutes after
the onset whereas when the liquid loading was 50%, hydrates settled down completely about 10 minutes
after the onset with only oil/gas circulating around in the flow loop. Hence the pressure drop remained
constant and showed no fluctuations. This settling of hydrates with only oil/gas flowing was confirmed by
both visual observations and density data. This showed that systems that had lesser amounts of liquids were
more susceptible to hydrate settling under stratified flow conditions.
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(a) 50% LL (b) 70% LL
Figure 7.7: Effect of liquid loading on the pump ΔP and hydrate volume fraction (experimental conditions:
80% WC, 2.3 ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene).
Figure 7.8 shows the hydrate volume fraction and pump pressure drop as a function of time for two
different liquid loadings at a higher mixture velocity . It is evident from the figure that the hydrate growth
and the pressure drop profiles for medium (70%) liquid loading and low (50%) liquid loading were very
similar even at higher mixture velocity. As in the case of Mineral Oil 350T and Mineral Oil 70FG, as soon as
the hydrate onset occurred, the pump pressure drop increased rapidly. When a certain hydrate amount was
reached, the pump pressure drop showed fluctuations and moving beds of hydrates were observed. Eventually
hydrates settled on the pipe walls in the low liquid loading experiment even at a higher velocity. However
moving beds of hydrates did not seem to settle down in the higher liquid loading experiment.
As in the case of Mineral Oil 350T and Mineral Oil 70 FG, hydrates growth occurred at a faster rate
at higher mixture velocity and hence the pressure drop increased rapidly. It is to be noted that at 70%
liquid loading, visual observations and density data did not confirm settling of hydrates. Only moving beds
of hydrates were observed. At 50% liquid loading, quick settling of hydrates occurred even at 5.5 ft/sec
mixture velocity. This showed that for kerosene (which had the lowest viscosity when compared to all other
oils that were used), settling of the hydrates could occur even at higher velocities if there were not enough
liquids in the system to carry the hydrates along.
This suggested that liquid loading was an important parameter for transportability of hydrates even
when the fluids were traveling at high velocities especially in case of light oils and condensates.
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Since the flow regimes was different in these two experiments, these experiments also showed that under
the same mixture velocity, systems that were stratified before hydrate formation were more susceptible to
hydrate settling events when compared to systems that were in slug flow regime before hydrate onset.
(a) 50% LL (b) 70% LL
Figure 7.8: Effect of liquid loading on the pump ΔP and hydrate volume fraction (experimental conditions:
80% WC, 5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene).
7.6.1 Effect of liquid loading on hydrate growth
Figure 7.9 shows the amount of hydrates formed as a function of time for two different liquid loadings.
It is seen that the hydrate growth was slightly faster in the 50% liquid loading when compared to the higher
liquid loading (70%) experiment. The higher growth rate at 50% liquid loading was probably due to a thinner
oil layer barrier for the transport of methane from the bulk gas phase to the liquid phase when compared to
the 70% liquid loading case.
Figure 7.10 shows the temperature of the fluids inside the flow loop for the first twenty five minutes after
hydrate onset for two liquid loadings. From the temperature traces it is evident that the hydrates formed
faster in the lower liquid loading case as the temperature increased from the hydrate onset temperature to
53 ➸F within five minutes after the hydrate onset. It took about seventeen minutes for the higher liquid
loading system to reach the same temperature indicating a slower hydrate growth rate.
Figure 7.11 shows the effect of liquid loading on the hydrate growth at a higher mixture velocity. Since at
both liquid loadings, there was sufficient amount of mixing between the gas and liquid phases due to higher
mixture velocity, the hydrate growth rate was observed to be the same.
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Figure 7.9: Effect of liquid loading on the hydrate growth rate (experimental conditions: 80% WC, 2.3 ft/sec,
1500 psia, 3.5 wt.% salt, Kerosene).
7.6.2 Effect of liquid loading on transportability
As in the case of Mineral Oil 350T and Mineral Oil 70FG, transportability of hydrates was affected by
liquid loading even in systems where kerosene was used. This is shown in Figure 7.12. It is seen that the
transition from Region I to Region II occurred at a higher hydrate volume fraction as the liquid loading
increased. In case of 50% liquid loading experiment, moving beds of hydrates were observed even with as
little as 4% hydrates in the system whereas for the 70% liquid loading experiment, homogeneous flow of
hydrates was observed at the same hydrate volume fraction.
Figure 7.13 shows the values for the φplugging onset at different liquid loadings at a mixture velocity of 2.3
ft/sec. It can be seen from this figure that for a 40% increase in liquid loading, the plugging/bedding onset
hydrate volume increased by at least 43% even when the mixture velocity was very low.
The effect of liquid loading on hydrate transportability was more pronounced at higher mixture velocity
as indicated by Figure 7.14. It is seen that homogeneous distribution of the hydrate particles was observed
up to a point where the system had 8.6 volume% hydrates when the liquid loading was 70%. The system
reached plugging conditions when there were 4.2 volume% hydrates present at a lower liquid loading (50%).
Figure 7.15 shows the values for the φplugging onset at different liquid loadings at a mixture velocity of
5.5 ft/sec.It is clear from the figure that there was at least a 90% increase in the plugging/bedding onset
hydrate volume fraction for a 40% increase in liquid loading.
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Figure 7.10: Effect of liquid loading on the fluid temperature (experimental conditions: 80%WC, 2.3 ft/sec,
1500 psia, 3.5 wt.% salt, Kerosene).
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Figure 7.11: Effect of liquid loading on the hydrate growth rate (experimental conditions: 80%WC, 5.5
ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene).
This showed that for any given mixture velocity, transportability of hydrates could be increased by
increasing the amount of liquids in the system. When there was sufficient amount of liquid present in the
system, even at lower velocities, the system was able to keep more hydrates dispersed homogeneously till the
plugging onset hydrate volume fraction was reached. Probably when small amounts of liquids were present,
there was not enough energy associated with the system to keep the hydrates dispersed and hence the
hydrates tend to settle/accumulate on pipe-walls even at higher mixture velocities. This was true especially
in case of low viscosity oils.
7.7 Effect of Mixture Velocity
7.7.1 Effect of mixture velocity on hydrate growth
Figure 7.16 shows the effect of mixture velocity on the hydrate growth rate for a 70% liquid loading
system and Figure 7.17 shows the same for a 50% liquid loading system. It can be seen that the higher
mixture velocity promoted a faster growth rate in both cases like in the case of mineral oils. At higher
mixture velocity, there was good mass and heat transfer between the phases thereby quickly making the gas
phase available to the water phase, hence promoting faster growth. For both mixture velocities, the hydrate
growth slowed down once φplugging onset was reached.
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Figure 7.12: Effect of liquid loading on transportability of hydrates for partially dispersed systems (experi-
mental conditions: 80% WC, 2.3ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene).
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Figure 7.13: Comparison of φplugging onset for different liquid loadings (experimental conditions: 80% WC,
2.3ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene)
7.7.2 Effect of mixture velocity on transportability
Figure 7.18 shows the pump pressure drop as a function of hydrate volume fraction for two different
mixture velocities for a higher liquid loading (70%) system. At this liquid loading, the system showed
plugging when the pump pressure drop reached a value that was about seven times larger than the pressure
drop value before hydrate formation.
Figure 7.19 shows the values for the φplugging onset at different mixture velocities for a 70% liquid loading
system. It can be seen that there was a 40% increase in the plugging/bedding onset hydrate volume fraction
when the mixture velocity was increased by more than 100% . As in the case of Mineral Oil 350T and
Mineral Oil 70FG, under similar conditions, the hydrate transportability was enhanced at a higher mixture
velocity when there were sufficient amount of liquids present in the system.
Figure 7.20 shows the pump pressure drop as a function of hydrate volume fraction for two different
mixture velocities for a low liquid loading (50%) system. The system attained the highest increase (15x)
in relative pressure drop (
∆Pafter hydrate
∆Pbefore hydrate
) when the system conditions were 2.3 ft/sec and the liquid loading
was 50% even though the system contained only about 4.2% hydrates at that point. For almost the same
amount of hydrates, the increase in pump pressure drop was seven times its value before hydrate formation
at a mixture velocity of 5.5 ft/sec.
Figure 7.21 shows the values for the φplugging onset at different mixture velocities for a 50% liquid loading
system. However this figure looks different when compared to Figure 7.19. Figure 7.21 shows that for an
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Figure 7.14: Effect of liquid loading on transportability of hydrates for completely dispersed systems (ex-
perimental conditions: 80% WC, 5.5ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene).
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Figure 7.15: Comparison of φplugging onset for different liquid loadings ((experimental conditions: 80% WC,
5.5 ft/sec, 1500 psia, 3.5 wt.% salt, Kerosene).
Figure 7.16: Effect of mixture velocity on the hydrate growth rate (experimental conditions: 80%WC, 70%
LL, 1500 psia, 3.5 wt.% salt, Kerosene).
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Figure 7.17: Effect of mixture velocity on the hydrate growth rate (experimental conditions: 80%WC, 50%
LL, 1500 psia, 3.5 wt.% salt, Kerosene).
increase in velocity by more than 100%, the increase in the plugging/bedding onset hydrate volume fraction
was only 7%. It can be seen from Figure 7.19 that the increase in mixture velocity corresponded to an
appreciable increase in the plugging onset hydrate volume fraction. This reiterated the results obtained
from mineral oil tests that when there was not enough amounts of liquids present in the system, increase in
the mixture velocity would probably not aid in transportability. This suggested that the amount of liquids
present in the system was a key parameter with respect to transportability.
7.8 Discussion on Experiments with Kerosene
Figure 7.22 shows the effect of hydrates on flow characteristics in two different flow regimes. Figure 7.22(a)
shows the calculated values for the liquid and gas superficial velocities in conjunction with the pump pressure
drop for a partially dispersed system. Figure 7.22(b) shows the same for a completely dispersed system.
It can be seen from Figure 7.22(a) that when settling of hydrates occurred, the liquid superficial decreased
to a lower value and the gas superficial velocity increased to a higher value in comparison to their values
prior to hydrate onset. Using the same analogy used in the case of Mineral Oil 350T, it was hypothesized
that settling of hydrate containing phase which in turn reduced the flow area was responsible for the decrease
in the liquid superficial velocity and increase in the gas superficial velocity.
Figure 7.22(b) shows that there was no major change in the liquid and gas superficial velocities in
comparison with their values prior to hydrate formation. This probably could be because there was no
settling of the hydrate carrying liquid phase in these systems. This was also supported by the pump pressure
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Figure 7.18: Effect of mixture velocity (2.3, 5.5 ft/sec) on pump pressure drop during hydrate formation
(experimental conditions: 80%WC, 70%LL, 1500 psia, 3.5 wt.% salt, Kerosene).
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Figure 7.19: Comparison of φplugging onset for different mixture velocities (experimental conditions: 80%
WC, 70% LL, 1500 psia, 3.5 wt.% salt, Kerosene).
drop profiles that did not indicate settling of the phases at higher velocity.
It could be hypothesized that in systems where the flow regime was stratified before hydrate event
occurred, led to eventual settling of hydrates upon hydrate formation. However when the systems were in
the slug flow regime before hydrate formation, hydrate event led to heterogeneous flow (moving beds) of
hydrates for the experimental time.
7.8.1 Estimation of the thickness of the hydrate deposit
As in the case of mineral oils, the thickness of the settled hydrate containing liquid phase could be
estimated using the gamma ray densitometer data. Detailed explanation regarding this can be found in
Chapter 5.
It can be seen from Table 6.3 that a thicker deposit layer was present in the case of lower velocity
experiments.






















1 70 80 2.3 1.6 Stratified 2.5
3 50 80 2.3 1.2 Stratified 2.3
4 50 80 5.5 3.1 Stratified 1.1
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Figure 7.20: Effect of mixture velocity (2.3, 5.5 ft/sec) on pump pressure drop during hydrate formation
(experimental conditions: 80%WC, 50%LL, 1500 psia, 3.5 wt.% salt, Kerosene).
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Figure 7.21: Comparison of φplugging onset for different mixture velocities (experimental conditions: 80%
WC, 50% LL, 1500 psia, 3.5 wt.% salt, Kerosene).
7.9 Summary
This chapter summarizes the experimental results of the hydrate formation and plugging in kerosene/
water/ natural gas systems. It was found that the degree of subcooling required for the hydrates to form
decreased with increase of liquid loading. It was found that for these systems, the hydrate growth was not
affected by liquid loading. However, the transportability of hydrates strongly depended on the amount of
liquid present in the system. For a low liquid loading system, the increase in mixture velocity did not increase
the plugging hydrate volume fraction. However, at higher liquid loading, an increase in mixture velocity
increased the amount of hydrates at which the system plugged by a significant amount. The hydrates formed
rapidly at a higher mixture velocity at both the liquid loadings. When the systems were in stratified flow
regime before hydrate formation, hydrate formation led to settling of the formed hydrates eventually. When
the systems were in slug flow regime before hydrate event, moving beds of hydrates were observed throughout
the experimental duration after the hydrate volume fraction exceeded φplugging onset .
155
(a) 2.3 ft/sec (Partially dispersed system, stratified flow)
(b) 5.5 ft/sec (Completely dispersed system, slug flow)
Figure 7.22: Effect of hydrates on flow characteristics (experimental conditions: 80%WC, 50%LL, 1500 psia,
3.5 wt.% salt, Mineral Oil Kerosene). 156
CHAPTER 8
EFFECT OF OIL PROPERTIES ON HYDRATE GROWTH AND TRANSPORTABILITY
Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes
Prithvi Vijayamohan1,2 , Carolyn A. Koh3 , Michael Volk4 , Emmanuel Delle-Case4, Amadeu K. Sum3,5
In this chapter, the focus is on how the properties of a given oil influences the hydrate formation and
plugging mechanism. The effect of oil properties on both growth and transportability is discussed in detail
for both partially dispersed and completely dispersed systems. The effect of oil properties on growth is
discussed in Section 8.1 and the effect on transportability is discussed in Section 8.2.
Three different oils (Mineral oil 350T, Mineral Oil 70FG and kerosene) were used for the flowloop ex-
perimentation at the University of Tulsa flow loop facility to probe the role of oil properties on mainly the
transportability of hydrates.
The most relevant properties for the oils are summarized in Table 8.1. Evidently from the table, it is seen
that the oils differ significantly from one another in terms of viscosity and interfacial tension. The difference
in density between the oils is negligible. Hence the effect of oil viscosity and interfacial tension on hydrate
formation and transportability could be studied in detail.








Mineral Oil 350T 0.863 59.1 53.0
Mineral Oil 70FG 0.860 10.5 46.5
Kerosene 0.770 1.6 11.2
8.1 Effect on Growth
In this section, the effect of oil properties on the growth of hydrates is discussed. Ideally, the driving force
for the hydrate growth is the degree of subcooling (how far it is from the hydrate equilibrium temperature) the
system achieves. This mostly depends on the type of hydrate former (the guest molecule), the nature of the
aqueous phase (presence/absence of salts and thermodynamic inhibitors) and the experimental conditions.
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Since the hydrate former, the aqueous phase used and the experimental conditions were same in all the
experiments, it was expected that the hydrate growth would not be different for the different oils. However
minor discrepancies in growth could be expected as it was very difficult to attain the same degree of subcooling
in all the experiments.
8.1.1 Partially dispersed systems
Figure 8.1 shows the amount of hydrates formed with respect to time for different oils for the same set of
experimental conditions for partially dispersed systems. It can be seen that for partially dispersed systems,
the growth pattern (shape of the curve) is same for all the oils. The oil properties did not significantly
alter the growth rate for hydrates. However under similar conditions, maximum amount of hydrates were
formed when Mineral Oil 350T was used. Minor differences between the growth rates for different oils could
be attributed to different degrees of subcooling that was achieved before the hydrate onset. Owing to the
nature of the flow loop, same degree of subcooling could not be maintained in all the experiments.
Figure 8.1: Effect of oil properties on the growth of hydrates (experimental conditions: 80% WC, 2.3 ft/sec,
70% LL, 1500 psia, 3.5 wt.% salt).
8.1.2 Completely dispersed systems
Figure 8.2 shows shows the amount of hydrates formed with respect to time for different oils for the same
set of experimental conditions for completely dispersed systems. Mineral Oil 350 T appears to have a higher
growth rate when compared to other two oils. This could be easily explained by the different degrees of
subcooling that each of the system attained. This is shown in Figure 8.3.
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Figure 8.2: Effect of oil properties on the growth of hydrates (experimental conditions: 80% WC, 5.5 ft/sec,
70% LL, 1500 psia, 3.5 wt.% salt).
It can be seen from Figure 8.3 that for the experiment using Mineral Oil 350T, the hydrate onset
occurred at a temperature of 48 ➸F. The subcooling achieved for this experiment was around 10 ➸F. Hence
the hydrates formed more rapidly in this system. For Mineral Oil 70FG, the hydrate onset occurred at 50
➸F with a subcooling of 8 ➸F. Hence, the growth of hydrates was expected to to be lower for this system in
comparison with Mineral Oil 350T. Therefore, the minor difference between the growth rates among different
oils is a manifestation of the different degrees of subcooling attained rather than the difference in the oil
properties.
Since the hydrate growth was not significantly different for the different oils used, it was concluded that
oil properties, mainly the viscosity and the interfacial tension did not have any effect on the hydrate growth
for both partially dispersed and completely dispersed systems.
8.2 Effect on Transportability
This section describes the effect of oil properties on the transportability of hydrates. Different wells
produce oils with different physical properties. Therefore, if hydrates are being transported with the oil
phase, the effect the oil properties have on the hydrate transportability is of prime importance.
8.2.1 Partially dispersed systems
Figure 8.4 shows the pump pressure drop as a function of time for different oils under the same set of
experimental conditions. It is to be noted that data from five minutes before the hydrate onset till the end
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Figure 8.3: Temperature traces for hydrate formation experiments using different oils (experimental condi-
tions: 80% WC, 5.5 ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt).
of the experiment is plotted. It is seen that the pump pressure drop traces look similar for all the oils used.
For all the oils, the pump pressure drop increased drastically upon hydrate onset. This smooth increase was
followed by fluctuations in the pressure drop values due to heterogeneous distribution of hydrates. Eventually
there was settling of the condensed phases with only oil and gas moving which led to a flat pressure drop
profile. Hence the hydrates had similar effects on all the oils used. Therefore it was concluded that the
hydrate plugging phenomena observed earlier using Mineral Oil 350T was not unique to that oil but was
generally true for all oils with minimum water dispersion capability. Of all the oils tested the condensed
phases (mostly hydrates and occluded water) settled much quicker in kerosene when compared to other oils.
It was also observed that the magnitude of fluctuations in the pump pressure drop were much smaller in
kerosene when compared to other oils. Mineral Oil 350T showed the maximum amount of fluctuations in
pump pressure drop, followed by Mineral Oil 70FG and kerosene.
Figure 8.5 shows the normalized pressure drop as a function of hydrate volume fraction for different oils
for partially dispersed systems under the same set of conditions. It shows that for all the different oils used,
the heterogeneity in flow was observed once a certain amount of hydrate was present in the flow loop. It
is seen that the hydrate volume fraction at which the system gets into plugging zone (φplugging onset) was
different for different oils. Hence, the transportability of hydrates strongly depended on the oil systems in
which these hydrates were being formed/transported. It is evident from Figure 8.5 that the φplugging onset
shifted to a higher value as the viscosity of the oil increased. Hence, having six percent hydrates in a system
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Figure 8.4: Pump pressure drop measurements for different oils (experimental conditions: 80%WC, 2.3ft/sec,
70% LL, 1500 psia, 3.5 wt.% salt).
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which has properties similar to Mineral Oil 350T may not be detrimental to flow assurance when compared
to systems which have properties similar to kerosene. This shows that heavier viscosity oils probably could
handle more hydrates and will probably plug at higher hydrate volume fractions when compared to low
viscosity oils under similar conditions. This shows that low viscosity oils tend to pose higher risks for flow
assurance.
Figure 8.5: Effect of oil properties on the transportability of hydrates (experimental conditions: 80% WC,
2.3ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt).
Figure 8.6 shows the values for the φplugging onset at a lower liquid loading (50%), high water cut (80%)
conditions for different oils. It can be seen that even for this experiment, kerosene showed the least ability
to transport hydrates. In this case, the kerosene system moved to plugging zone when there were around
four percent hydrates in the fluids. Mineral Oil 350T showed heterogeneity in flow when there were around
seven percent hydrates in the fluids. This showed that a combination of low liquid loading, low velocity and
a low viscosity oil in the pipeline showed the highest plugging tendency and was probably the worst case
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scenario with respect to transportability.
Figure 8.6: Comparison of φplugging onset for different oils (experimental conditions: 80% WC, 2.3 ft/sec,
50% LL, 1500 psia, 3.5 wt.% salt).
Figure 8.7 shows the values for φplugging onsetfor a intermediate water cut (65%), medium liquid loading
(70%) systems. Even in this case it was observed that a heavier oil (Mineral Oil 350T) showed better
hydrate transportability when compared to a lighter oil (Mineral Oil 70FG). Since both the oils had very
similar densities, the difference in the ability of the oils to transport hydrates could be attributed to the
difference in viscosity and interfacial tension. Therefore, it can be said that the density of the oil did not
affect the transportability, however viscosity and interfacial tension between the oil and the aqueous phase
had profound effect on transportability.
8.2.2 Completely dispersed systems
Figure 8.8 shows the pump pressure drop as a function of hydrate volume fraction for different oils for
a high water cut (80%), high velocity (5.5 ft/sec) medium liquid loading (70%) experiment. As in the case
of partially dispersed systems, kerosene showed the least ability in terms of transportability of hydrates in
comparison with the other two higher viscosity mineral oils.
Figure 8.9 shows the values for the φplugging onset for a medium liquid loading (70%), high water cut
(80%) high velocity (5.5 ft/sec) conditions for different oils. It can be seen that even in this case Mineral Oil
350T showed better hydrate transport capability when compared to kerosene and Mineral Oil 70FG. Similar
results were obtained at a lower liquid loading (50%). This is shown in Figure 8.10.
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Figure 8.7: Comparison of φplugging onset for different oils (experimental conditions: 65% WC, 2.3 ft/sec,
70% LL, 1500 psia, 3.5 wt.% salt).
Figure 8.11 shows the values for the φplugging onset for a 65% water cut system. Mineral Oil 70FG showed
transition into plugging at a hydrate volume fraction of .07 at a velocity of 7.2 ft/sec in comparison with
Mineral Oil 350T which tended to plug at a hydrate volume fraction of .09 with a lower velocity of 5.5 ft/sec.
This showed that higher viscosity oils had a superior hydrate transportability even at lower velocities when
compared to low viscosity oils at higher velocities.
8.3 Summary
This chapter summarizes the effect of oil properties on the hydrate growth and transportability for
both partially dispersed and completely dispersed systems. It was shown that the hydrate growth rate
was not affected by the oil properties. However, the transportability of hydrates depended strongly on oil
properties especially the viscosity and interfacial tension. It was shown that density probably does not play
an important role in hydrate transportability. It was also shown that higher viscosity oils showed better
capability to transport hydrates when compared to lower viscosity oils under similar operating conditions
for both partially dispersed and completely dispersed systems. Of all the oils tested, kerosene showed the
least transportability and Mineral Oil 350T showed the highest transportability, i.e higher hydrate volume
fraction was required to plug Mineral Oil 350T systems when compared to lower viscosity oils.
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Figure 8.8: Effect of oil properties on the transportability of hydrates (experimental conditions: 80% WC,
5.5 ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt) Top: Kerosene,Middle: Mineral Oil 70 FG, Bottom: Mineral
Oil 350T.
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Figure 8.9: Comparison of φplugging onset for different oils (experimental conditions: 80% WC, 5.5 ft/sec,
70% LL, 1500 psia, 3.5 wt.% salt).
Figure 8.10: Comparison of φplugging onset for different oils (experimental conditions: 80% WC, 5.5 ft/sec,
50% LL, 1500 psia, 3.5 wt.% salt).
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Figure 8.11: Comparison of φplugging onset for different oils (experimental conditions: 65% WC,70% LL, 1500
psia, 3.5 wt.% salt).
167
CHAPTER 9
HYDRATE PLUGGING PHENOMENA AND PLUGGING ONSET MODEL
Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes
Prithvi Vijayamohan1,2 , Carolyn A. Koh3 , Michael Volk4 , Emmanuel Delle-Case4, Amadeu K. Sum3,5
This chapter presents the hydrate plugging phenomena in partially dispersed systems and the development
of a predictive plugging onset model to calculate the amount of hydrates that would plug a pipeline under
given operating conditions. This chapter also briefly discusses the performance of the different hydrate
growth rate models for the partially dispersed and completely dispersed systems.
9.1 Conceptual Model for Hydrate Formation and Plugging
Figure 9.1 illustrates the conceptual picture for hydrate formation for partially dispersed water systems
based on the experimental results. When a free water layer is present, oil can carry some pockets of water to
the top pipe wall thereby wetting significant portions of the pipe wall. The presence of oil can help to spread
the water towards the pipe wall, since the less viscous fluid would tend to move to the pipe walls to decrease
the shear stresses on the pipe wall. When this occurs, a water film(s) can be present all around the inner
surface of the pipe wall. When hydrate formation condition is reached, a film/deposit of hydrates can form
rapidly all around the pipe walls due to this wetting of pipe walls thereby reducing the flow area a little bit.
Hydrates also form around the water droplets dispersed in the oil phase and at the oil-water interface. Once
the hydrates are formed at this interface, they quickly occlude (soak up) a lot of water. In effect, it looks
like a hydrate shell is present around a water mass. These hydrate covered water masses further occlude a
large amount of water, grow, agglomerate leading to the depletion of the water phase which is one of the
carrying fluids of the hydrate phase. This depletion, coupled with increase in the friction factor at the wall
and the viscosification of the oil phase due to the presence of hydrates is responsible for the drastic increase
in pressure drop within a very short period after the onset of hydrate formation. Over a period of time, the
hydrate carrying fluid could either form stationary beds or moving beds of hydrates. This can result in a
pseudo steady state flow of moving hydrate beds or a flow of oil/gas through a hydrate deposit along the
pipe walls. Overall, even with a small amount of hydrates present in the systems with free water could prove
to be catastrophic for flow assurance when compared to systems where free water is not present.
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(a) Before Hydrate Formation
(b) After Hydrate Formation
Figure 9.1: Mechanism for hydrate formation and plugging in partially dispersed systems.
9.2 Hydrate Growth
Different hydrate formation and growth models are available for hydrate formation in oil dominated
systems and 100% water cut systems. Details of these models are presented in Chapter 2.
In the oil dominated model, it is assumed that all the water is dispersed in the oil phase in the form of
droplets and hydrates form around these water droplets. The surface area available for the hydrates to form
is assumed to be the total area of all the dispersed droplets. Therefore the surface area of the dispersed phase
is a very important parameter for these systems. A simple kinetic equation with the subcooling as a driving
force coupled with the surface area of all the water droplets is sufficient to describe the hydrate formation
in oil dominated models. In the 100% water systems, hydrate formation is based on a mass transfer model.
Hydrates are hypothesized to form around the gas bubbles. Concentration difference is the driving force for
this model.
Both these models are used to predict the hydrate growth and the modeling results are compared with
the experimental result for partially dispersed and water continuous systems. The following sections provides
details on the performance of these models.
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9.2.1 Partially Dispersed Systems
Figure 9.2 shows the comparison of the oil dominated and the 100% water cut hydrate growth model
using CSMHyFast (Aman et al., 2015) with the experimental data. As seen from the figure, the oil dominated
model over estimates the amount of hydrates formed and shows a much faster hydrate growth when compared
to the experimental data. This is because, the oil dominated model is based on the assumption that all the
water (31.4 gallons) is dispersed in the form of 40 micron droplets. This amounts for a very large surface area
of the droplets for the hydrates to form. As discussed in the previous section, in partially dispersed systems,
some portion of the available water is dispersed in the oil phase and some water exists as a free water phase.
Therefore the surface area available for the hydrates to form is smaller in comparison to systems where all
the water is dispersed in the oil phase for the same degree of subcooling. Therefore the hydrate growth is
slower in partially dispersed systems in comparison with the oil dominated systems. In comparison with
the 100% water cut systems, the hydrate growth rate is faster for the partially dispersed systems. This is
because in the 100% water cut systems, the available surface area for the hydrates to form is assumed to
be the interfacial area between the gas and water phases. This area is much smaller in comparison to the
partially dispersed systems where some water is dispersed in the oil phase and some exists as free water.
If the hydrates were to form around the dispersed water droplets and all the water were to be dispersed
in the oil phase, the hydrate growth rate would be similar to the oil dominated systems. If no water was
dispersed in the oil phase and the three phases were to remain stratified, the hydrate growth rate would
be similar to 100% water cut systems. Since the hydrate growth rate for partially dispersed systems is in
between the two end members, the proposed hypothesis that the hydrates formed both due to some dispersed
water and at the interface is confirmed.
However to come up with a predictive hydrate growth rate model for the partially dispersed systems, one
has to account for the continuous renewal of the interfacial area between the oil and water phases as and
when the hydrates would form and move away from the interface. Since the surface renewal rate cannot be
measured nor can be calculated using any model, at present a hydrate growth rate model for such systems
is not possible.
9.2.2 Completely Dispersed Systems
Figure 9.3 shows the comparison of the oil dominated with different amounts of the dispersed phase
with the experimental data for completely dispersed systems. It is evident from the figure that the water
present was not dispersed in the oil phase. If all the water were to be dispersed in the oil phase, the hydrate
growth rate would be similar to the 80% dispersed phase (blue) curve. However if we assume that the water
was the continuous phase and the oil present would be dispersed in the water phase, the amount of the
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Figure 9.2: Comparison of existing hydrate growth models with experimental data(experimental conditions:
80% WC, 2.3 ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
dispersed phase would be 20%. Hence the total area for the hydrates to form would be the surface area of
all the droplets formed from this 20% dispersed phase. Shown in the maroon trace is the hydrate growth
assuming 20% of the total liquid (equivalent to oil cut) present is dispersed in the form of small droplets.
As evident from the figure, it is seen that this maroon trace fits the experimental data very well. Hence, it
can be hypothesized that the hydrates form around the oil droplets (that are saturated with methane) as
the solubility of methane is higher in oil when compared to that of water.
9.3 Plugging Onset Model
9.3.1 Development of a first pass model
A first pass empirical correlation in order to predict the hydrate volume percent at which transition from
smooth flow of hydrates (Region I) to bedding of hydrates (Region II) based on measurable quantities and
considering the fluid properties was developed for both partially dispersed and completely dispersed systems.
Based on the experimental data obtained from Mineral Oil 350T, the following correlation was obtained.
φplugging onset = 2.72Re
0.18
mix(LL×WC) (9.1)
Remix = f(liquid properties) (9.2)
The Reynols’s number was calculated based on the liquid properties (liquid density and viscosity) at
the initial conditions of the experiment. The correlation showed that the transportability of hydrates was a
stronger function of liquid loading and water cut when compared to mixture velocity. It is to be noted that
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Figure 9.3: Comparison of oil dominated model at different amount of dispersed phase with experimental
data (experimental conditions: 80% WC, 5.5 ft/sec, 70% LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
since all the experiments were performed under turbulent flow condistions, the correlation is applicable for
systems that are turbulent in nature. The above equation was able to predict the plugging hydrate volume
percent reasonably well for both partially dispersed and completely dispersed systems. This is shown in
Figure 9.4
9.3.2 Improvements to the model
Table 9.1 shows the difference between the actual plugging/bedding hydrate volume percent and the values
calculated using 9.1 for the Mineral Oil 70FG experiments and Table 9.2 shows the same for Kerosene. It
can be seen from Table 9.1 that Equation 9.1 over predicted the plugging onset hydrate volume percent.
Table 9.2 shows that the equation severely over predicted the plugging onset hydrate volume percent and
the deviation between the actual and calculated values increased as the viscosity of the oil decreased.
Table 9.1: Difference between experimental and calculated plugging/bedding hydrate volume percentages
for Mineral Oil 70FG experiments.






Figure 9.4: Comparison between the experimental and predicted values for transition (bedding onset) hydrate
volume percent.
Table 9.2: Difference between experimental and calculated plugging/bedding hydrate volume percentages
for Kerosene experiments.






This showed that oil viscosity is a very important parameter that had to be incorporated in the equation.
The interfacial tension between the oil and water phases was another entity that has not been accounted for
in the equation. Based upon the experimental observations, a plugging onset correlation obtained should
have the below given characteristics:
❼ Show a strong dependence on liquid loading and water cut.
❼ Should show an increase in the plugging onset hydrate volume percent as the viscosity of the oil
increases.
Upon analysis and further mathematical manipulations, the equation was modified using the data ob-
tained using Mineral Oil 350T and Mineral Oil 70FG and separate correlations were developed for the
partially dispersed and completely dispersed systems as the various factors like liquid loading and water cut
affected the two systems to different extents.
These two equation are presented below in Equations 9.3 and 9.4. It can be seen from the equations
that they show a strong behavior on liquid loading and water cut and the positive power of the viscosity
dependence infact confirms the experimental observations that the plugging/bedding onset hydrate volume
percent increased with the increase in oil viscosity for both the systems.




















Figure 9.5 shows the comparison between experimentally obtained φplugging onset and φplugging onset cal-
culated using Equation 9.3 for partially dispersed mineral oil systems. It is seen that the correlation predicts
the plugging onset hydrate amount accurately for these systems.
Figure 9.6 shows the comparison between experimentally obtained φplugging onset and φplugging onset cal-
culated using Equation 9.4 for completely dispersed mineral oil systems. It is seen that the correlation
predicts the plugging onset hydrate amount accurately for these systems.
9.3.3 Validation
Equation 9.3 was used to predict the plugging/bedding hydrate volume percent for partially dispersed
kerosene experiments. The comparison between the calculated and experimental values are shown in Fig-
ure 9.7. It can be seen that the equation predicts the plugging/bedding hydrate volume percent very well
for a different system. The average percentage error between the experimentally observed and calculated
values is 15%.
174
Figure 9.5: Comparison between the experimental and predicted values for plugging onset hydrate volume
percent for partially dispersed mineral oil systems.
Figure 9.6: Comparison between the experimental and predicted values for plugging onset hydrate volume
percent for completely dispersed mineral oil systems.
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Figure 9.7: Comparison between the experimental and predicted values for plugging onset hydrate volume
percent for partially dispersed kerosene systems.
Equation 9.4 was used to predict the plugging/bedding hydrate volume percent for completely dispersed
kerosene experiments. The comparison between the calculated and experimental values are shown in Fig-
ure 9.8. It can be seen that the equation predicts the plugging/bedding hydrate volume percent very well
for a different system. The average percentage error between the experimentally observed and calculated
values is 28%.
9.3.4 Potential for application
Cold flow technology is an emerging technology suggested as an alternative to the use of anti-freeze,
insulation, and heating of pipeline especially in subsea pipelines with long tie backs and ultra deep subsea
pipelines where traditional hydrate management/prevention technique becomes uneconomical and imprac-
tical. The plugging onset correlation could be extremely useful in this application where the hydrates are
encouraged to form but flow is maintained by not allowing the hydrates to agglomerate and plug. Since
the plugging onset model gives the absolute minimum amount of hydrates that can be transported for given
systems without any additives, this correlation can be used to develop subsea pipelines where the usage of
anti agglomerates is not possible. Using this correlation during the design phase of the pipelines gives an
estimate about the time the operators have before a critical hydrate volume amount is reached during which
hydrate risk mitigation operations could be undertaken. This correlation can be used as a quick check before
running complex pipeline models to check for hydrate plugging risk since the model uses easily measurable
quantities. This model is especially useful in condensate carrying pipelines as the model was validated using
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Figure 9.8: Comparison between the experimental and predicted values for plugging onset hydrate volume
percent for partially dispersed kerosene systems.
kerosene which has similar properties to that of kerosene. Since this model was developed based on oils with
a wide viscosity range, this model can be used to estimate the hydrate plugging potential of a wide variety
of oil pipelines.
The lessons learned from these studies could be used in general for improving operation guidelines and
hydrates prevention strategies for deepwater transportation pipelines.
9.4 Summary
This chapter summarizes the hydrate formation and plugging mechanism for partially dispersed systems.
A plugging onset correlation developed based on the experimental data was presented for both partially
dispersed and completely dispersed systems. Oil properties coupled with the amount of liquids and mixture
velocity are the key parameters that dictate the transportability of hydrates for a given system. The devel-
oped plugging onset correlation validation using kerosene systems show that the correlation can predict the
plugging onset with reasonable accuracy for low viscosity oil systems too.
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CHAPTER 10
FLOW PROPERTIES OF HYDRATE SLURRY
Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes
Prithvi Vijayamohan1,2 , Carolyn A. Koh3 , Michael Volk4 , Emmanuel Delle-Case4, Amadeu K. Sum3,5
There is a dearth of studies performed on hydrate slurry flow in industrial scale flowloop though a lot of
work is done on ice slurry flow in industrial size flowloops. This chapter summarizes the efforts that were
made to study the flow properties of the hydrate slurry. Controlled amount of hydrates were produced in
the flowloop and pump pressure drop curves were obtained at each hydrate amount in order to study the
effect of different amount of hydrates on the flow properties. This chapter briefly describes the experimental
methodology and the results obtained.
10.1 Experimental Procedure
For the hydrate slurry flow test, Mineral Oil 350T was chosen as the hydrocarbon phase. A 3.5 wt.%
NaCl solution was the aqueous phase and Tulsa city gas was the hydrate former. A liquid loading of 90%
and a water cut of 80% was chosen as it was established from earlier tests that hydrate formation and
growth was slower in these systems at low velocity. In order to control the amount of hydrates formed, the
experiments were done in constant volume mode instead of constant pressure mode where gas was injected
continuously to maintain pressure. In the constant volume mode, at the onset of hydrate formation, the
system pressure decreased due to the formation of hydrates (consumption of gas). The system pressure
decreased continuously as hydrates continued to form. The system pressure reached a steady state after a
while when the hydrate formation had stopped. When the system pressure reached a steady state value with
no gas consumption, the pump pressure drop curves were recorded by changing the rotational speed of the
pump. After the first set of pump curves were recorded at different pump speeds after hydrate formation,
either one or two lbs of gas was added to increase the amount of hydrates in the system. Again after the
system stabilized and hydrate growth stopped, pump curves were recorded. This procedure was continued
till almost 30% hydrates were present in the system. Therefore, pump curves could be recorded at different
amount of hydrates.
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In this experiment, the fluids were loaded into the flowloop and gas was injected till a pressure of 1500
psia was attained inside the flow loop. Even in this case, the fluids were kept circulating inside the flowloop
for an hour in order to enable saturation of the oil phase with gas phase. After an hour, the pump pressure
drop curves were obtained by changing the rotational speed of the pump and recording the pump pressure
drop data for a period of three minutes at each pump speed. These values of pressure drop served as the
base pressure drop measurements without hydrates.
After the pump curves were completed, cooling of the flow loop fluids was initiated in order to form
hydrates. The mixture velocity of the fluids was maintained at 5.5 ft/sec for cooling and growth phase.
10.1.1 Hydrate formation before gas addition
Figure 10.1 shows the system pressure, the fluid temperature and the hydrate volume fraction as a
function of time for hydrate formation before any additional gas was added to the system. The graph is
divided into three phases:
❼ Cooling phase: The fluids inside the flow loop were cooled to facilitate hydrate formation. As it
is evident from the temperature curve, the fluids cooled down while the gas was consumed as the
solubility of the gas phase in the hydrocarbon phase increased with decrease in temperature. This
was manifested as the decrease in system pressure. Since the fluid temperature was above the hydrate
equilibrium temperature no hydrates were formed.
❼ Hydrate growth phase: Upon reaching sufficient degree of subcooling, the hydrate formation and
growth occurred. The hydrate onset is recognized by the increase in temperature due to exothermic
nature of the hydrate formation reaction and a sharper decrease in the system pressure (due to gas
consumption during hydrate formation and growth). The hydrate growth phase continued for a period
of time and stopped. The growth phase stopped when the system pressure reached a steady state value
as no gas was being consumed for hydrate formation. Around 7.7% hydrates were formed at the end
of the growth phase.
❼ Stabilization and pump curves phase: Once the hydrate formation and growth stopped, the
mixture velocity of the system was changed by changing the pump speed and the pressure drop data
was recorded for a period of three minutes.
10.1.2 Controlled hydrate formation through controlled addition of gas
Figure 10.2 shows the system pressure and the hydrate volume fraction as a function of time for controlled
hydrate formation through adding predetermined amount of gas to the system. The graph is divided into
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Figure 10.1: System pressure, temperature, and hydrate volume fraction as a function of time before gas
addition showing different phases of the experiment(experimental conditions: 80% WC, 90%LL, 1500 psia,
3.5 wt.% salt, Mineral Oil 350T).
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three phases:
❼ Gas addition phase: During this phase, controlled amount of gas (usually one or two lb) was added
over a period of five minutes. The system pressure increased throughout the gas addition phase. It
was assumed that during the gas addition phase no hydrates were being formed. All the gas added
contributed towards increasing the pressure of the system.
❼ Hydrate growth phase: After the gas addition was complete, the system pressure decreased due to
formation of additional amount of hydrates. This phase continued for a period of time and towards the
end of this phase, the hydrate growth stopped and hence the system pressure reached a steady state
value.
❼ Stabilization and pump curves phase: Once the hydrate formation and growth ceased, the mixture
velocity of the system was changed by changing the pump speed and the pressure drop data was
recorded for a period of three minutes.
Figure 10.2: System pressure and hydrate volume fraction as a function of time for controlled hydrate
formation through gas addition showing different phases of the experiment(experimental conditions: 80%
WC, 90%LL, 1500 psia, 3.5 wt.% salt, Mineral Oil 350T).
The procedure was repeated seven times where either one of two lbs of gas was added each time. The
hydrate volume fraction was calculated based on the decrease in system pressure. The following assumptions
were made in order to simplify the hydrate volume fraction calculation:
❼ Solubility of gas was not affected by pressure.
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❼ No hydrates were formed during the gas addition phase.
❼ Effective liquid loading of the system remained unchanged after subsequent gas additions.
Table 10.1 shows the amount of gas added during each gas addition step and the amount of hydrates
that were formed at the end of hydrate growth for each gas addition step.
Table 10.1: Amount of hydrates formed after each gas addition step.










Figure 10.3 shows the average pump pressure drop as a function of mixture velocity for different amounts
of hydrates present in the system. It can be seen from the figure that a significant increase in pump pressure
was observed when a system went from having no hydrates (0%) to having 7.8% hydrates. However, no
significant increase in pump pressure drop was observed when the hydrate amount increased from 7.8%
to 9.8%. Similarly no significant increase in pump pressure drop was observed when the hydrate amount
increased to about 14% from 7.8%. This is shown clearly in Figure 10.4.
Therefore for the first increase from 0% to 7.8% hydrates, the system showed significant increase in pump
pressure drop. However, for the next increase in hydrate amount from 7.8% to 14%, no significant increase
in pump pressure drop was observed though the hydrate amount increased by a same factor in both the
cases.
A selected few curves are shown for the pump pressure drop as a function of mixture velocity in Fig-
ure 10.5. The graph could be divided into two regions with respect to mixture velocity. The low mixture
velocity region constitutes mixture velocities below 3.8 ft/sec and the higher mixture velocity region com-
prises of mixture velocities higher that 3.8 ft/sec. It is evident from the figure that in the low mixture region,
the pump pressure drop increased with mixture velocity for all hydrate amounts. It is also evident that the
as the hydrate amount increased, the slope of the pump pressure drop curve became steeper.
In the high mixture velocity region, it was seen that the increase in mixture velocity did not increase the
pump pressure drop significantly till there was 25% hydrates present in the system. For both 25% and 28%
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Figure 10.3: Pump pressure drop as a function of mixture velocity at different hydrate amounts.
hydrates present, it was seen that the slope of the pump pressure drop curve was smaller when compared
to the lower mixture velocity pump pressure drop slopes. Figure 10.6 shows the pump pressure drop as a
function of hydrate volume percent at different mixture velocities. It is evident from the figure that the
pump pressure drop increased rapidly beyond 14% hydrates in the system for all mixture velocities. It was
observed in earlier experiments that the system reached plugging conditions beyond a hydrate amount of 14
volume percent for a mixture velocity of 2.3 ft/sec and the plugging onset occurred at 16% hydrates at a
mixture velocity of 5.5 ft/sec. These pump curves further reinforce the earlier observation that for these set
of conditions, the maximum transportable hydrate volume percent was 14%.
Figure 10.7(a) shows the pump pressure drop as a function of mixture velocity for different hydrate
amount. Figure 10.7(b) shows the increase in pump pressure drop at different mixture velocities when the
system went from having no hydrates to having 7.8% and 14% hydrates. The red bars show the difference
in pump pressure drop values when the system went from hydrate free system to a system containing 7.8%
hydrates. The green bars show the difference in pump pressure drop values when the system went from
having 7.8% hydrates in the system to a system containing 14% hydrates. It is seen from the figure that
for the same increase in the amount of hydrates, the system behaved differently. An appreciable increase in
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Figure 10.4: Pump pressure drop as a function of mixture velocity for 0-14% hydrates.
pressure drop was observed when the system moved from having no hydrates to having 7.8% hydrates. For
the next 8% increase in the hydrate amount, the system pressure drop hardly increased. This suggested that
the systems carrying 14% hydrates would behave very similar to systems having 7.8% hydrates for the same
liquid loading and water cut. Also, systems carrying 14% hydrates would have similar pressure drops when
compared to systems having 7.8% hydrates for the same liquid loading and water cut.
Figure 10.8(a) shows the pump pressure drop as a function of mixture velocity for different hydrate
amount. Figure 10.8(b) shows the increase in pump pressure drop at different mixture velocities when the
system went from having no hydrates to having 7.8% and when the system went from having 18% hydrates
to having 25% hydrates in the system. The red bars show the difference in pump pressure drop values when
the system went from hydrate free system to a system containing 7.8% hydrates. The green bars show the
difference in pump pressure drop values when the system went from having 18% hydrates in the system to
a system containing 25% hydrates. It is seen from the figure that for the same increase in the amount of
hydrates, the system behaved differently. When the system contained low amounts of hydrates, the pressure
drop increased by almost the same amount for all mixture velocities. For systems containing more hydrates,
the difference in pressure drop increased with increase in velocity when compared to its previous value.
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Figure 10.5: Select few pump pressure drop data at different mixture velocity and hydrate amount showing
distinct behavior.
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Figure 10.6: Pump pressure drop as a function of hydrate volume percent at different mixture velocities.
(a) Pump pressure drop as a function of mixture velocity for
0,7.8 and 14% hydrates
(b) Increase in pump pressure drop for different mixture veloci-
ties for 0,7.8 and 14% hydrates
Figure 10.7: Pump pressure drop behavior comparison for different amount of hydrates.
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(a) Pump pressure drop as a function of mixture velocity for
0,7.8,18 and 25% hydrates
(b) Increase in pump pressure drop for different mixture veloci-
ties for 0,7.8,18 and 25% hydrates
Figure 10.8: Pump pressure drop behavior comparison for different amount of hydrates.
The analysis of the pump pressure drop data at different hydrate amount showed that for the same
increase in hydrate amount, the behavior of the system was not the same.
10.3 Characterization of hydrates flow
In this section, attempt made to evaluate the effects of presence of solids on friction factor is discussed
briefly.
For single phase flow in steady state, the pressure drop is modeled by introduction of friction factor









where, ∆P is pressure drop, L is length, f is friction factor, ρM is mixture density, vm is mixture velocity
and D is pipe diameter.
f was calculated from the measurement of pressure drop versus velocity from the base pressure drop
curve (only liquids and gas) at different velocity neglecting the pressure drop contribution by the gas phase
(assuming 100% liquid loading) and was found to be quasi-constant (f = 0.007) at different velocities
indicating turbulent flow.
Figure 10.9 shows the pressure drop calculated (only liquid and gas pressure drop before hydrate for-
mation) using a constant value for friction factor. It is seen that the prediction of pressure drop is quite
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satisfactory. The discrepancies between the experimental and calculated values could be due to the assump-
tion of 100% liquid leading though the liquid loading was 90% for this experiment.
Figure 10.9: Pressure drop as a function of mixture velocity.
Based on a similar approach suggested by Peysson (2003), it was assumed that the wall friction factor
is increased due to the presence of solids. Due to turbulence in the flow, the particles were pushed towards
the wall and therefore the wall friction increased. In that case, the friction factor could be divided into two
components:
❼ Friction factor of the liquid and gas phase only (f1)
❼ Friction factor due to the presence of solids (f2)









If the assumption of increase in the wall friction due to presence of solids is correct, the value of f2 had
to increase with increase in hydrate volume fraction. Figure 10.10 shows the calculated values of f2 based
on the pressure drop data. Increase in f2 with increase in the amount of hydrates was confirmed. It is seen
from the graph that the increase in friction factor was more pronounced beyond a hydrate volume percent
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of 14%. This 14% hydrates corresponded to the φplugging onset for this particular set of conditions. This
confirmed that the hypothesis that the system would get into plugging conditions when the hydrate amount
increased beyond φplugging onset.
Figure 10.10: Friction factor dependency with hydrate volume percent.
10.4 Summary
In this chapter attempts made to generate rheological curves at different amounts of hydrates was pre-
sented. It was found that different amounts of hydrates had different effects on the pressure drop of systems.
It was found that the effect the hydrates has at lower velocities was different than their effect at higher veloc-
ities. It was also found that the increase in pump pressure drop values when the system went from having no
hydrates to having 7.8% hydrates was different when compared to the increase in pump pressure drop values
when the system went from having 7.8% hydrates to 14% hydrates though the increase in hydrate amount
was same in both the cases. Similarly, the increase in pump pressure drop values when the system went from
having 7.8% to having 14% hydrates was different when compared to the increase in pump pressure drop
values when the system went from having 18% hydrates to 25% hydrates though the increase in hydrate
amount was same in both the cases. It was hypothesized that the presence of solids probably increased the
friction towards the wall due to the presence of hydrates at the wall. This contributed towards the increase
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in pressure drop of the system. The dependence of the friction factor due to the presence of solids on the
hydrate amount was presented. The rheological characterization study confirmed that the maximum amount
of hydrates that were transportable for these experimental conditions (80% WC, 90%LL) was 14%. This
was in accordance with the earlier observations that for these set of conditions, the system went to plugging
conditions beyond 14% (φplugging onset). This showed that the concept of φplugging onset could be used to
evaluate the transportability of hydrates for a given set of conditions.
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CHAPTER 11
SUMMARY AND FUTURE RECOMMENDATION
The primary objective of this thesis was to develop a better understanding of the hydrate plug formation
where all the water was not dispersed in the oil phase and to evaluate transportability of hydrates in different
systems. Hydrate formation was studied using oil-gas-water systems. The transportability of hydrates
was evaluated under different flowing conditions using different oils. A new understanding of the hydrate
plugging mechanism and the effects of hydrates on multiphase flow was highlighted. The main highlight
of the mechanism consisted of the minimum hydrate concentration that could be transported without any
additives in the system. This hydrate concentration depended strongly on the oil properties and the amount
of liquids present in the system. This concept of minimum amount of transportable hydrates could be used
effectively for hydrate management strategies. A detailed summary of the results and conclusions is given
in Section 11.1 while recommendations for future work are given in Section 11.3
11.1 Summary
Hydrate formation and plugging mechanism was investigated by performing experiments using different
oils in the TU flow loop.
It was found that the partially dispersed systems did not behave like its end members (oil continuous
and 100% water cut systems). The hydrate onset event led to destabilization of flow in all the oil-water-gas
systems.The hydrates formed rapidly at the interface, around the dispersed water droplets and on the pipe
walls for these systems. In these systems a rapid increase in pressure drop was observed upon hydrate
formation. It was found that for the same amount of hydrates present in the system, the partially dispersed
systems showed a different behavior in terms of pressure drop when compared to completely dispersed
systems. The increase in pressure drop from its base value (without any hydrates in the system) was much
larger for the partially dispersed systems. A conceptual hydrate formation and plugging mechanism was
developed using Mineral Oil 350T and was validated using Mineral Oil 70FG and kerosene systems. It
was found that the hydrate plugging mechanism remained the same in all partially dispersed and water
continuous systems irrespective of the oil that was used. It was found that the hydrate growth rate was same
in all the oils and was not affected by the oil properties.
Transportability of hydrates without any additives was evaluated in different systems and using different
oils. It was found that for the same oil, transportability of hydrates strongly depended on the amount of
liquids present in the system. When small quantities of liquids were present in the system, an increase in
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mixture velocity did not enhance transportability of hydrates proving that the liquids present in the system
was the key parameter for transportability of hydrates. It was found that the viscosity and the interfacial
tension played a key role in transportability of hydrates. It was found that the systems that were more viscous
were able to handle hydrates better. Of the oils tested, Mineral Oil 350T (the most viscous) showed better
transportability of hydrates when compared to Mineral Oil 70FG and kerosene. Kerosene (least viscous)
showed the least transportability with respect to hydrates. It was found that heavier oils showed superior
hydrate transportability even at lower velocities when compared to lighter oils flowing at higher velocity.
The plugging mechanism for the hydrates in partially dispersed systems was found to be more complex.
The plugging mechanism for these systems consisted of a combination of depletion of the water phase (due
to occlusion of water inside the hydrate masses), increase in the friction towards the wall due to the presence
of the solid, viscosification of the oil phase due to hydrates and settling of the liquid phase carrying hydrates.
All these combined effects made these systems to be more catastrophic for flow assurance. Hydrate plugging
mechanism was explained in terms of multiphase flow. It was found that settling of hydrates was found to
have a major contribution towards plugging in stratified flow systems. However for systems under slug flow,
plugging occurred mainly due to heterogeneous beds of hydrates.
A hydrate plugging onset correlation in terms of oil properties and flow conditions was developed and
validated. This correlation provides an estimate of the amount of hydrates that could be transported safely
without the usage of any additives. Hydrate amounts beyond this critical quantity would cause systems to
plug. The highlight of the correlation lies in the easily accessible and measurable quantities on which it is
based on.
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11.3 Recommendations for Future Work
The work performed in this thesis has answered a few major questions regarding hydrate formation and
plugging phenomena in the high water cut systems. Since this was one of the first works that has given
prime importance to partially dispersed systems, only a few selected fundamental mechanistic questions have
been answered. Therefore this work has posed some new questions which need to be answered in order to
make cold flow technology/hydrate transportability feasible. This work has opened new arenas for research
in multiple disciplines. The following are some of the recommendations for future research have emerged as
a result of the work performed in this thesis:
1. The empirical correlation to calculate the maximum feasible amount of hydrates that can be transported
in terms of easily accessible parameters like the liquid loading, mixture velocity, oil properties etc is the
major result of the work. However, only a few oils with limited range of viscosities have been studied.
In order to expand the applicability of this correlation, similar experiments using several oils with wide
range of viscosity is recommended. These experiments can be performed in the same flowloop.
2. The significance and interplay of multiphase flow and the hydrate formation and plugging for partially
dispersed systems has been brought to spotlight for the first time through the present work. It has
been shown through present work that hydrate plugging mechanism is different for different flow
regimes. Therefore combination of the multiphase flow studies with hydrate formation would be highly
beneficial to identify different hydrate plugging mechanisms. It is recommended that hydrate studies
be conducted in conjunction with multiphase studies using available multiphase flow measurement
techniques such as the individual phase velocity, void fraction and the droplet/particle size distribution
measurements in order to better understand the effect of hydrates on flow regimes and vice versa. In
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order to be able to do this, a single pass flow loop study would be most beneficial. One such single-pass
flowloop study has been undertaken previously for hydrate systems by Nicholas (2008; 2009).
3. It was shown through this work that the plugging mechanism in partially dispersed system was a
combination of various phenomena like bedding, deposition and change in the friction factor. How-
ever the individual contribution of each of these towards pressure drop could not be evaluated. The
contribution of bedding phenomena towards pressure drop could be understood better if studies were
performed in solid-liquid-gas systems where the solid is less denser than the liquid phase. Similarly the
contribution from deposition toward pressure drop could be understood better if the amount of water
occluded in the hydrate shell could be evaluated as this affects the porosity of the deposit. Experiments
could be designed to eliminate either of the phenomena so the other could be evaluated in more detail.
Anti-agglomerants could be added to fluid systems that prevent bedding of hydrates, so deposition
of hydrates could be studied. Similarly, keeping the pipe surface hotter than the fluids inside would
prevent deposition. By doing so, bedding phenomena could be studied in more detail.
4. Though it was shown that deposition was a key phenomena for plugging in such systems, it was
difficult to differentiate if deposition occurred due to particle-wall interactions or simply due to the
forces related to hydrodynamics. Experiments could be designed using additives that alter the hydrate-
wall interactions. This could help to study the effect the hydrates have on the hydrodynamics of fluid
flow.
5. It has been shown in this work that partially dispersed systems were more catastrophic with respect
to flow assurance. However, the amount of water dispersed into the oil phase was not quantified.
It is highly recommended that the amount of water dispersed in the oil phase be quantified using
simple beaker tests. Also the factors that influence this dispersion need to be studied in detail because
whenever a free water layer was present, the system quickly reached plugging conditions. Also another
unknown is the partitioning of hydrate particles between the oil and water phases. It is recommended
that such partitioning studies be carried out with simple model system like polystyrene beads/oil/water
and air flow in horizontal pipelines.
6. One main hurdle in developing a hydrate growth model for such systems is not being able to quantify
the rate of renewal of interfacial area between the phases along which hydrates form. Efforts have to
be made to quantify this using models available for studies on surface renewal (Banerjee, 1978).
7. Though it was shown that hydrate formation and plugging was different in different flow regimes, only
stratified and slug flow regimes were considered. Hydrate plug formation in different flow regimes need
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to be studied in order to be able to develop a comprehensive hydrate management tool.
8. All the experiments were performed in a single flow loop. In order to be able to use the correlation for
real field scenarios, similar experiments using similar oils should be performed in different flow loops
with varying diameters in order to include scale up or scale down factors.
9. Only model mineral oils without any surface active components were used for all experiments. In
order to include any effects that natural surfactants may have on the dispersibility of hydrates, it is
recommended that similar experiments with actual crude oils be performed.
10. Addition of various surface active agents such as anti-agglomerants to the aqueous phase probably
could alter the way hydrates interact with each other, with the other phases and with the pipe material.
Studies using different surfactants is recommended to see its effect on φplugging onset. Also the potential
effects other chemicals like scale and wax inhibitors could have on φplugging onset need to be studied in
order to be able to use this correlation in real field scenarios.
11. Hydrate formation from oil/gas/water has been studying by varying mixture velocity, liquid loading,
salt concentration, water cut, pressure etc. It was shown that the degree of subcooling required for
hydrate formation was affected by flow regime. The subcooling could play a key role in particle
size distribution which in turn could affect plugging mechanism. Hence subcooling effects need to
be explored more. Only two salt concentrations were considered in the study. It was shown that
higher salt concentration had limited transportability. Hence higher salt concentration experiments
are recommended.
12. The effect of the multiphase pump on the experimental observations/analysis needs to be carefully
considered. The shear in the pump dictates the size of the particles and also if the hydrate aggregates
are bigger than the clearance of the pump, hydrate particles could be crushed to smaller ones. One
way to estimate the effect of the pump is to measure the particle size distribution before and after the
pump and compare it with other flow loop facilities with the same set of fluids and similar shear.
13. Factors affecting the homogeneous and heterogeneous distribution of particles could be first studied
in simple systems like the polystyrene beads/oil/water and air flows. Later these studies could be
expanded to more complex systems like ice/coal slurries. These could help answer the distribution of
hydrates which are much more complex to study. More emphasis needs to be on studies to understand
the distribution of phases relative to each other and also the distribution of hydrates along the radial
direction of pipelines.
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14. This study showed the increase in friction factor at the wall due to the presence of hydrates. However
the effects of hydrates on interfacial friction has not been studied. This is another area where the
interplay between hydrates and multiphase flow can be explored further.
15. This thesis presents the hydrate plugging onset models developed for partially dispersed and water
continuous systems. Joshi (2012) has made similar attempts for 100% water cut systems and Chaud-
hari (Chaudhari et al., 2014) has made the same attempts for oil dominated systems. Future research
should involve unifying the hydrate plugging models developed for various systems. In order to be able
to do this each of these systems need to be studied in much more detail to elucidate the commonalities
and differences in the plugging characteristics between these systems. A parameter that could identify
the type of flow (e.g. oil dominated, water dominated, partially dispersed) based on the properties of
the fluids and the shear rate could be used to unify all these different plugging onset models. A com-
prehensive hydrate plugging model irrespective of the type of systems would be a major contribution
towards understanding and managing hydrate risk in oil and gas producing flowlines.
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